The contribution of additive genetic variance and maternal energetic stress during gestation to variability in ingestive behaviors, body weight, and adiposity in Syrian hamsters (Mesocricetus auratus). by Brozek, Jeremy Michael
Lehigh University
Lehigh Preserve
Theses and Dissertations
2017
The contribution of additive genetic variance and
maternal energetic stress during gestation to
variability in ingestive behaviors, body weight, and
adiposity in Syrian hamsters (Mesocricetus
auratus).
Jeremy Michael Brozek
Lehigh University
Follow this and additional works at: http://preserve.lehigh.edu/etd
Part of the Integrative Biology Commons
This Dissertation is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Brozek, Jeremy Michael, "The contribution of additive genetic variance and maternal energetic stress during gestation to variability in
ingestive behaviors, body weight, and adiposity in Syrian hamsters (Mesocricetus auratus)." (2017). Theses and Dissertations. 2530.
http://preserve.lehigh.edu/etd/2530
  
The contribution of additive genetic variance and maternal condition during 
gestation to variability in ingestive behaviors and body condition in Syrian hamsters 
(Mesocricetus auratus) 
 
 
by 
 
 
Jeremy M. Brozek 
 
 
 
 
 
 
A Dissertation 
 
Presented to the Graduate and Research Committee 
 
of Lehigh University 
 
in Candidacy for the Degree of 
 
Doctor of Philosophy 
 
 
 
 
 
 
in 
 
Integrative Biology 
 
 
 
 
Lehigh University 
 
December 15th, 2016 
 
 
 
 
ii 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© 2017 Copyright 
Jeremy M. Brozek 
 
 
  
iii 
 
 
 
 
 Approved and recommended for acceptance as a dissertation in partial fulfillment of 
the requirements for the degree of Doctor of Philosophy 
 
Jeremy M. Brozek, M.S. 
The contribution of additive genetic variance and maternal condition during 
gestation to variability in food hoarding and food motivation behavior in Syrian 
hamsters (Mesocricetus auratus). 
 
 
 
                                                 
Defense Date 
 
                                                                     
        Dissertation Director &  
        Committee Chair: 
        Jill E. Schneider, PhD. 
                                                                                                         
Approved Date    
                                                                  
     
                                                                     
 
        Committee Members: 
 
 
                                                                      
        Erin Rhinehart, Ph.D. 
 
 
                                                                      
        Amber Rice, Ph.D. 
 
 
                                                                      
        Murray Itzkowitz, Ph.D. 
 
 
               
            
  
iv 
 
ACKNOWLEDGMENTS  
 
 
I would like to personally thank my advisor and mentor, Dr. Jill Schneider, for her 
support, encouragement, and critical reviews in the form of all caps and red font. Without 
her unending dedication to great science and amazing writing this work would not have 
been possible. Also, I would like to personally thank her for taking on the role of 
academic ‘foster parent’ and programming me for excellence. This work would also not 
have been possible without the time and commitment made by my esteemed committee 
and now colleagues, Dr. Erin Rhinehart, Dr. Amber Rice, and Dr. Murray Itzkowitz.  I 
am truly in their debt. 
I also would like to thank Dr. Noah Benton for all of his help, guidance, and 
companionship in the lab during the last 6 years. In addition, I would like to thank Dr. 
Kim Little for setting the bar, literally and figuratively, for our original cohort at Lehigh 
University. Without her help, I would probably know very little about classic behavioral 
ecology or weight lifting. Finally, I would like to thank all of the other graduate students, 
past and present, from the Department of Biological Sciences for their friendship and 
support over the last 8 years, especially my office mate Michael McQuillian. I am still 
available to answer stats questions, so please ask! 
 I also would like to acknowledge the hard work that many undergraduate 
researchers provided during the course of these experiments, especially all of the pellet 
cutting and hoard mongering. I would also like to thank Jen Golley for her support in 
maintaining a rodent colony in the animal facility and for keeping us all in line. Also, I 
v 
 
would like to thank Vicki Ruggiero and Maria Brace for all of their administrative help of 
the last 8 years.  
As a side note, I would also like to thank the ‘real’ Dr. Noonian Soong for 
abandoning me on planet Lehigh Omnicron Theta. This work would have not been 
accomplished otherwise.  
Finally, I would like to dedicate the completion of this dissertation to the many 
brilliant, successful, crazy, loving women in my life. To my loving wife, codependent, 
and bearer of my future fitness gains, Dr. Leann N. Wright. I am so sorry that our son 
will likely be just like his father. . To my mother, Diane M. Brozek for allowing me to 
find my own way but always being present with a guiding light when needed. Also, to 
mom for the programming benefits of a balanced healthy diet during my gestation. To my 
sisters and their children for all the inclusive fitness, and to their unending love and 
support. And last but not least, to my unborn male fetus, Jackson Mitchel, for motivating 
me to finish this work. 
 vi 
TABLE OF CONTENTS 
 
List of Figures        vii 
 
List of Tables        viii 
 
Abstract        1 
 
Chapter 1:  Introduction      3 
  Summary of Chapters     9 
  References      11 
Chapter 2:   
  
  Introduction      14 
  Methods      23 
  Results      31 
  Figures      38 
  Tables       43 
  Discussion      47 
  References      55 
Chapter 3:   
  
  Introduction      72 
  Background      73  
  Methods      78  
  Results      82 
  Figures      87 
  Discussion      89 
  References      92 
Chapter 4:   
  
  Introduction      95 
  Background      96 
Methods      103 
  Results      110 
  Figures      127 
  Discussion      133 
  References      139 
 
Chapter 5:  
  
  General Discussion     150 
  References      160 
 
Vita         180 
 vii 
LIST OF FIGURES 
 
Chapter 2:  
  
 Figure 2.1        38 
 Figure 2.2        39 
 Figure 2.3        40 
 Figure 2.4       41 
 Figure 2.5       42 
 
 
Chapter 3: 
 
 Figure 3.1       90 
 Figure 3.2       91 
 
Chapter 4: 
 
 Figure 4.1       130 
 Figure 4.2       131 
 Figure 4.3       132 
 Figure 4.4       133 
 Figure 4.5       134 
 Figure 4.6       135 
 
 viii 
LIST OF TABLES 
 
 
Chapter 2: 
 
 Table 2.1       44 
 Table 2.2       45 
 Table 2.3       46 
 
 1 
ABSTRACT 
 
 
This dissertation is a multi-faceted study aimed at understanding how genes, the 
environment, and development can shape patterns of variation in behaviors related to 
energy intake, storage, and expenditure. Energy availability is the most important 
environmental variable that controls reproduction in mammals. However, animals must 
first survive in order to reproduce. In order to survive, they need functional behaviors to 
motivate them to forage for food despite environmental heterogeneity, competition, 
predation, or social cues. The literature on energy balance surprisingly focuses almost 
entirely on food intake, which is only one component of the behaviors that allow animals 
to acquire the food resources they need. Animals must first be motivated to gain access to 
food before eating it; we call these motivational behaviors appetitive ingestive behaviors. 
There are many gaps in our knowledge about the mechanisms contributing to patterns 
appetitive behaviors. Appetitive behaviors, like many behaviors, are highly variable. Is 
variability among individuals consistent over time? Is there underlying genetic variation 
that selection could act on, or has selection already depleted it? Is variability shaped by 
the environment? How do these complex traits develop? Here, I take a systematic 
approach to understanding the origins of variation in an appetitive ingestive behavior 
called food hoarding. Food hoarding represents the anticipation of future needs. I used 
Syrian hamsters as a model system because they fail to overeat under conditions of food 
scarcity, but over-hoard instead. Hoarding can be measured separately from intake. Like 
humans at grocery stores, hamsters too will focus on the empty cupboards at home and 
not their empty stomachs. Within a laboratory population, individuals vary but remain 
consistent over time. Little, if any of the among individual variation is due to the additive 
 2 
effect of genes, but mothers contribute more to offspring phenotype than fathers.  I 
examined the possibility that a maternal contribution is likely programmed during 
postnatal development by variability in maternal condition during lactation. An adult 
hamster’s ability to respond to changes in energy balance by eating or hoarding may be 
pre-determined by the environment in which their brains develop. Like hoarding food, 
development may anticipate future needs through changes to neuroendocrine 
mechanisms. I found significant effects of the postnatal maternal environment on the 
adult morphology (body fat content) and behavior (food hoarding) of the offspring.   
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CHAPTER 1 
 
 
INTRODUCTION 
 
Humans, like every other animal, are motivated by appetites. We are, as far as I 
can tell, completely aware of it and completely oblivious at the same time. The media, the 
internet, sides of busses…they are all splashed with advertisements for sex and for food. 
“Come enjoy what this beautiful person is enjoying,” they beckon. “Come and gorge 
yourself with this ginormous burger”, they scream. It is not just the media and 
advertisements that play into our appetites. Our motivated responses to appetites can be 
more basic, and pervasive.  
For example, why is the World Food Program fighting hunger? Starving people 
don’t need to be satiated, they need calories. What is so special about quenching thirst, 
when all people really need is potable water? Why must advertisements focus on our 
appetites to get our attention? What is so special about appetite? 
In order to get access to the things that we need, like sex, water, or food, we must 
have the urge to go out and get those things. In order for corporations to make money, 
those urges must extend beyond the need for immediate survival.  Most research on 
obesity and food intake is aimed at understanding mechanisms that supposedly balance 
energy intake with energy expenditure. Advertising techniques directed toward the 
mechanisms that balance energy intake with energy requirements would not be 
economically successful. Advertising strategies, therefore, target the mechanisms that 
govern motivation to acquire beyond our basic needs. Needs and urges beyond necessity 
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are pervasive throughout all of biology, and this is true for all complex organisms. In 
order to reproduce, and to get our genes into the next generation we first need to survive, 
but we must also anticipate. We must anticipate future shortages, and prepare 
accordingly. We must anticipate seasonal changes, and prepare accordingly. Winter 
temperatures and concomitant changes in food supply and the need to expend energy to 
keep warm require that animals gather more food than needed immediately and store that 
energy as body fat or as a food hoard. The possibilities that there will be future disasters, 
floods, famines, pestilence, and disease, require that we anticipate those disasters by 
acquisition, especially acquisition of food and bodily energy stores.  In order to survive, 
we must know what resources we need and how to get to them, but first we must be 
motivated to go out and get them. Even after our immediate needs are met, it can be 
adaptive to keep wanting and to keep acquiring. Thus, it is important to look beyond 
traditional measures of ingestive behavior such as daily food intake. 
Ingestive behaviors are a suite of behaviors that ultimately result in getting food 
into the alimetry canal for digestion. Ingestive behaviors include the original motivation 
to acquire food resources, such as hunger in humans, the act of acquiring food from the 
environment and possibly storing that food, namely foraging and hoarding, and finally 
the termination of the behavioral suite, which is chewing and swallowing. Ingestive 
behaviors can be split up into two basic types: 1) the drive to search for food, and then 
the acquisition and handling of food for immediate or future use, which are considered 
appetitive behaviors, and 2) the consummation of the suite of behaviors by chewing and 
swallowing the food making it available for cellular metabolism, which are 
consummatory behaviors. This dichotomy of behavioral types within a set of 
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interconnected goal-oriented behaviors was originally proposed by Craig (1918). This 
dichotomy is very useful when studying the complex interactions between the brain, the 
internal environment and hormone milieu, the external environment, and the resulting 
behaviors that we observe (Ball and Balthazart, 2008; Balthazart and Ball, 2007; Everitt, 
1990).  
The study of appetitive ingestive behavior provides an opportunity to answer 
basic questions about food motivation, such as: from where does variation in these 
persistent behaviors arise? Is there underlying genetic variation in these behaviors? How 
does the development of our brains shape these behaviors? To answer these questions, it 
is necessary to take a reductionist approach to understanding human appetites by studying 
the appetites in a rodent model system. In the biological sciences, we often have the 
luxury of studying organisms that are impervious to the cultural underpinnings of human 
complex behaviors. Rodents, as far as I can tell, do not fall prey to internet memes, and 
therefore allow the study of complex behaviors without cultural influence.  
Food hoarding is an appetitive ingestive behavior observed in animals throughout 
the animal kingdom. Food hoarding is defined as the handling and storage of food for 
future use (Vander Wall, 1990). Food hoarding is an adaptation that allows animals to 
survive despite unpredictable or seasonal changes in food resources. Many animals, 
including humans, exhibit hoarding behavior as part of their natural foraging repertoire. 
Common examples include fox squirrels (Sciurus niger), Eastern chipmunks (Tamias 
striatus), and honey bees (Apis sp.) (Vander Wall, 1990). Bees store honey to allow 
larvae to survive over the winter when plants aren’t flowering. Squirrels and chipmunks 
both give birth during winter months, so they need stored food to survive and feed their 
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young. Therefore, the survival of many species clearly depends on the ability to hoard 
food for future use. 
The Syrian hamster (Mesocricetus auratus, Westerhouse) is an ideal model 
system because they naturally hoard food in the wild and in the laboratory. Syrian 
hamsters are well adapted to laboratory conditions – they exhibit their natural repertoire 
of ingestive, social, and sexual behaviors under laboratory conditions, as well as mate and 
produce offspring - so they make a perfect model system to study food motivation 
behavior and the factors that influence variability in these behaviors. In several instances 
food shopping behavior in humans has been compared to food hoarding in other 
mammals because food is transported in bags and then hoarded in cabinets and 
refrigerators (personal communication; Bartness et al. (2011)). Rarely, if ever, do humans 
in western societies immediately consume all of the food that is ‘gathered’ at the grocery 
store; most of the food purchased during a single trip is stored for later use. Therefore, 
hamsters, like humans, are natural hoarders.  
Not only do hamsters naturally hoard food, but there is also variability among 
individuals in the propensity to hoard food. Several studies have found evidence for a 
dichotomy in food hoarding behavior in Syrian hamsters, where individuals are either 
very low hoarders or high hoarders (Buckley and Schneider, 2003; Koski, 1963). This 
dichotomy is also observed in Mongolian gerbils (Yang et al., 2011). In addition to these 
laboratory studies, there is evidence of variability in hoarding behavior among 
individuals from natural populations of other mammals such as degu (Quispe et al., 2009) 
and pikas (Vander Wall, 1990). Because of the variability among individuals in natural 
populations of mammals that hoard, and the variability among hamsters in the laboratory, 
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we sought to evaluate the origins of variability in hoarding behavior by testing the 
hypothesis that variability is due to underlying genetic variation. An alternative 
hypothesis is that the observed variability is caused by variation in the environment. Food 
hoarding may represent a plastic trait which could respond to changes in environmental 
conditions during development or merely to exposure to changing conditions experienced 
by adults.  
In support of the alternative hypothesis, Syrian hamsters, like many mammals, 
increase their appetite for food when restricted or deprived. Hamsters, however, fail to 
compensate for the lack of food with post-fast hyperphagia (they don’t overeat). Instead, 
they over-hoard. This difference in the behavioral response to energetic challenge is also 
shared by humans. For example, food shopping behavior changes with restriction or 
deprivation. Shoppers purchase more food from the grocery store prior to meals 
compared to purchases made after meals (Dodd et al., 1977). Humans predict future 
deficits in food resources between ‘foraging’ trips to the grocery store and compensate by 
hoarding extra food for the interim just like squirrels or hamsters. The fact that hamsters 
fail to overeat, but rather over-hoard in response to restriction suggests that these 
behaviors are separable and might be functionally controlled by independent mechanisms 
within the brain.  
Food hoarding is more sensitive to energetic challenges than food intake 
(Abdulhay et al., 2014; Klingerman et al., 2010a). There is evidence that hormones and 
neuropeptides associated with metabolism and satiety affect hoarding to a greater extent 
than food intake in Syrian and Siberian hamsters (Buckley and Schneider, 2003; 
Schneider et al., 2007; Keen-Rhinehart et al., 2005; Day et al., 2004). Additionally, work 
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by Harvey Grill shows that decerebrate rats, which lack connections between the brain 
stem and the rest of the brain, respond to hormones and neuropeptides that increase food 
intake (Grill and Hayes, 2009). These results suggest that consummatory and appetitive 
ingestive behaviors are regulated by similar hormones acting on different anatomical 
structures in the brain because decerebrate rats are incapable of showing motivated 
behaviors.  
Food motivation and food intake can be studied as different phenotypes in Syrian 
hamsters, and the underlying mechanisms responsible for these different phenotypes are 
likely similar for hamsters and humans. It is possible that differences in food hoarding are 
due to underlying genetic variability or that individuals vary in food hoarding due to 
environmental influences on brain development. This thesis will explore these 
possibilities using a strong inference approach that directly tests for additive genetic 
variance and for maternal effects on the variability of food hoarding behavior in Syrian 
hamsters.  
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SUMMARY OF CHAPTERS 
 
In Chapter 2, I discussed the potential for genetic contribution to variation in food 
hoarding behavior in general, and specifically in Syrian hamsters. Based on these data, I 
formulated my main hypothesis that additive genetic variation can contribute to variation 
in ingestive behaviors. To test this hypothesis, I created a population of hamsters from 
mixed genetic backgrounds prior to quantitatively evaluating patterns of behavioral 
variability. First, I evaluated the consistency of hoarding behavior within an individual 
across different time periods. I found that ingestive behaviors are consistent within 
individuals, and that utilizing 24-h test periods could consistently assess food hoarding 
behavior equivalently to other published studies. I also evaluated whether or not this 
consistency was repeatable using the intra-class correlation coefficient. Food hoarding 
was highly repeatable when observed day-to-day, but less repeatable over weeks to 
months. Finally, I showed that food hoarding has low heritability in our laboratory 
population. The maternal component of variability is much greater than the paternal 
component among my offspring generation, and this suggested a strong influence of 
maternal effects.  
In Chapter 3, I combined information from a pilot study conducted in the 
Schneider lab with observations of diet and cage manipulations to evaluate the best 
methodology to conduct direct tests of maternal effects in Syrian hamsters. I 
hypothesized that maternal energy balance during gestation and/or lactation can influence 
adult food hoarding behaviors, and thus explain the results observed in Chapter 2. Syrian 
hamsters differ in their response to natural energetic challenges compared to rats and 
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mice, which make up a vast majority of the literature on developmental programming. 
Therefore, I attempted to establish a new methodological paradigm to test hypotheses 
about maternal programming effects in Syrian hamsters. 
In chapter 4 I utilized the methodology based on data from Chapter 3 to conduct 
strong inference tests of the hypothesis that maternal energy balance can program adult 
energy balance characteristics in Syrian hamsters. What I found was that the maternal 
condition during lactation, as a carry-over effect from previous restriction during 
gestation, influences weight gain in Syrian hamsters without increasing relative intake.  
In Chapter 5 I provide a brief summary and discuss the implications of this work 
and provide future directions. 
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CHAPTER 2 
 
VARIABILITY IN FOOD HOARDING BEHAVIOR IN LABORATORY RAISED 
SYRIAN HAMSTERS IS REPEATABLE AND HERITABLE  
 
INTRODUCTION 
 
Food hoarding is a prevalent mammalian appetitive behavior, and it has been 
observed in animals from insects to humans (Vander Wall, 1990). There is natural 
variation in food hoarding behavior in many species, and this natural variation may be 
due to environmental differences and/or genetic differences among individuals. Indirect 
evidence for genetic influences on food hoarding has been presented for a few different 
species (reviewed by (Vander Wall, 1990)). For example, degus (a small rodent, Octodon 
degus) from two different populations, living in different habitats in Chile, show 
consistent inter-population differences in hoarding after acclimation to constant 
laboratory conditions d (Quispe et al., 2009). Because hoarding behavior is not altered by 
the new environment, local selective processes likely produced consistent population 
differences by acting on underlying genetic variability. 
There is some direct evidence that variation in hoarding behavior is due to 
underlying genetic differences. In invertebrates, foraging patterns in bees and flies is 
caused by a specific gene. In Drosophila melanogaster, a single gene (for) is linked to a 
dichotomy in larval and adult foraging behavior; individuals that remain stationary 
(‘sitters’) have one allele, and individuals that actively forage (‘rovers’) have a second 
(Sokolowski and Riedl, 1999). The for gene codes for cGMP-dependent kinase receptors 
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that function in sensory responsiveness to glucose and learning; flies that have the sitter 
allele (fors) have decreased kinase activity compared to rovers (forR) (Scheiner et al., 
2004). The same gene in bees (Apis melifera) shows a marked increase in expression 
when individual workers transition from within-nest workers to out-of-nest active 
foragers (Ben-Shahar et al., 2002).  These studies provide support for the idea that 
genetic differences can account for variation in feeding tactics.  
There is also direct evidence for genetic variability in hoarding behavior in 
mammals. Early work on rats shows that genetic strains vary wildly in their tendency to 
hoard food (Stamm, 1954, 1956), and that crossing different strains produces F1 and F2 
generations that show intermediate levels of hoarding (Manosevitz et al., 1968; 
Manosevitz and Lindzey, 1967). Therefore, variation in food hoarding is likely to have a 
strong genetic component. Unfortunately, hoarding in rats and mice is less extensive or 
nonexistent in wild populations, and rat and mouse hoarding extends to nonfood objects 
(Bartness and Demas, 2004; Bartness et al., 2011). Therefore, species that have 
specialized structures for carrying food, that limit hoarding to primarily food items and 
that exhibit food hoarding as part of their behavioral repertoire, would make a better 
animal model for determining the genetic contributions to the variability in hoarding 
behavior.  
Syrian hamsters are prodigious hoarders in the laboratory and in nature, making 
them an ideal animal model for studying the genetic contributions to the variability in this 
appetitive behavior (Gattermann et al., 2001; Gattermann et al., 2008; Larimer et al., 
2010). They have specialized cheek pouches that, when full of food, extend from the 
mid-thigh all the way to the nose. They have been observed to travel more than a 
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thousand yards to find a food source, fill their pouches and carry food to their 
underground burrows (Johnston, personal communication). In the wild, Syrian hamsters 
typically store several grams or more of food in their burrow. Turkish and Syrian farmers 
classify the species as an agricultural pest, and there are anecdotal reports of more than 
100 pounds of grain in one Syrian hamster’s burrow. An early study on Syrian hamsters 
in the laboratory shows a pattern of average hoarding scores that suggests a bimodal 
distribution, where most hamsters fall under a steep initial curve at the low end (< 5 
pellets/day) of the distribution, followed by a second, wide shallow curve ranging from 
10 to 100 pellets hoarded per day (Figure 2.1) (Koski, 1963).  Buckley and Schneider 
(2003) also report a dichotomy in food hoarding among Syrian hamsters; approximately 
half of all males studied had low hoard scores (< 5 g/day) and half had high scores (> 13 
g/day) over 4 days of ad libitum feeding. Mongolian gerbils, which are related to 
hamsters and naturally hoard food in the wild, exhibit a similar polymorphism in 
hoarding behavior (Yang et al. 2011). It is clear that there is variation among hamster 
individuals in the propensity to hoard food, but there is controversy over whether there is 
substantial genetic variation in domestic/laboratory populations. It is possible that the 
available population has been through a genetic bottleneck because most hamsters now 
available are descended from a mating pair imported from Syria over 50 years ago 
(Murphy, 1985). 
Some studies of behaviors other than hoarding behavior hint that there is genetic 
variance in Syrian hamster populations. At least one study has already shown a 
quantifiable response to artificial selection for predation behavior, likely an appetitive 
behavior, in Syrian hamsters. The latency to capture, evaluated as Captors and Non-
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Captors, of a live locust nymph (4th instar) is differentially selected for over 8 
generations, resulting in a clear difference between selection lines at 6 generations 
(Polsky, 1978). Although no randomly mated control line is included, the average value 
derived from a randomly mated population falls between the captors and non-captor 
lines. Therefore, laboratory hamster populations can respond to artificial selection, 
providing evidence for the presence of genetic variation that could underlie differences in 
ingestive behaviors in Syrian hamster stocks. Furthermore, all the commercially available 
hamsters were derived from the same American stocks imported from England in 1938 
(Bond, 1945), and the hamsters used in the prey capture study (Polsky, 1978) likely 
originated from the same stocks originally collected from Syrian (Murphy, 1985). 
Therefore, if there is an underlying genetic component to hoarding behavior in laboratory 
Syrian hamsters, I should be able to test for it with the stocks available.  
Based on the above observations in Syrian hamsters, a pilot study was conducted 
to evaluate the repeatability of the dichotomy in food hoarding levels among both males 
and females in a population of hamsters derived from commercial stocks at Charles River 
Laboratories. A total of 24-hamsters (15 males and 9 females) were housed in home 
cages with a tunnel (“burrow”) attached. The burrow led a to a food source a few meters 
away. All hamsters were placed on 25% food restriction, i.e., 75% of their baseline ad 
libitum food intake, for 12 days. Because previous studies (e.g., Klingerman et al., 2010) 
showed that there was no increase in food hoarding or decrease in body weight during the 
first four days of restriction, I used the first four days as an estimate of baseline hoarding 
behavior (g/day). Hamsters were separated into low hoarders that hoarded less than 5 
g/day and high hoarders that hoarded > 13 g/day (Buckley and Schneider, 2003). 40% of 
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males were low hoarders, whereas 33% were high hoarders, and 27% fell in between as 
medium hoarders. 67% of females were low hoarders, whereas only 11% (n=1) were high 
hoarders, and 22% were medium hoarders. When sexes were combined, 50% of the 
hamsters were low hoarders, however 25% were medium hoarders and 25 % were high 
hoarders. When the hoarding behavior was averaged over the final 4 days of 25% food 
restriction, there was an overall increase in food hoarded by most individuals. Under food 
restriction, 79% were high hoarders and 21% were low hoarders (5 animals that were low 
hoarders under baseline maintained low hoarding status, and no individuals dropped in 
status after restriction). According to the definition of low versus high hoarding used by 
Buckley and Schneider (2003), after food restriction all animals fit into the dichotomy. 
While this pilot study using one population doesn’t provide conclusive information about 
high versus low hoarding genes in a Mendelian context, my hypothesis was partially 
supported. As in previous studies, there was a dichotomy in the level of daily food 
hoarding. The dichotomy in the level of daily food hoarding was repeatable, and at least 
some individuals are predisposed to be low hoarders regardless of energetic status (well 
fed or food restricted). Unlike previous studies, this experiment included females, and 
evaluated baseline measurements when animals were slightly energetically challenged. 
However, the defined limits of the dichotomy could have been artificial because there 
was no evidence of a physiological difference between low and high hoarding hamsters 
in this pilot study. When the limits of the dichotomy were ignored, the distribution of the 
data appeared to be continuous. I hypothesized that food hoarding was actually a 
continuous trait, and that dichotomous distribution was the result of small sample sizes. 
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Collecting data from a much larger set of individuals will help determine whether or not a 
dichotomy exists, and if the distribution is actually continuous.  
The evidence thus far points to the possibility that food hoarding behavior in 
Syrian hamsters has an underlying genetic component. In order for selection to shape 
phenotypes through time, such as those observed in the Chilean degu, there must be 
variation among individuals that is heritable. One way to partition continuous variation in 
the laboratory is artificial selection. However, artificial selection for high versus low 
hoarding lines would be costly and time consuming. Therefore, I determined if variation 
in food hoarding behavior in Syrian hamsters was heritable by comparing individual 
phenotypic variation among related individuals in a genetically heterogeneous, random-
bred population.  
Based on the above data I tested two hypotheses:  
1) Variability in food hoarding behavior in laboratory populations of Syrian 
hamsters is consistent within individuals when estimated using either a time-
limited or a 24 h test period, and is a statistically repeatable behavior.  
2) Variation in food hoarding observed in laboratory populations of Syrian 
hamsters is due to underlying additive genetic variance.  
 
To test my hypotheses, I first set up a 3-way cross among hamsters from different 
labs to create a ‘heterogeneous stock’. Commercial colonies that I had access to represent 
the ancestors of hamsters that Polsky (1978) would have had been able to obtain for the 
experiments that demonstrated selection for predation behavior (Murphy, 1985). 
Different commercial breeders and most individual laboratories that keep their own 
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colonies do not share genetic stocks, so I attempted to account for inbreeding-induced 
within-source homozygosity by crossing hamsters from different source populations to 
get a ‘heterogeneous stock’. In addition, I attempted to obtain breeders from a laboratory 
in Germany that were descended from a wild population in Turkey trapped and brought 
to Germany in this century. After a long, time-consuming process, we were not able to 
get the German laboratory to take the expensive steps necessary to test the German 
population for parasites and diseases. These tests were necessary for compliance with the 
rules of the USDA and the Lehigh University veterinarian for shipping animals to our 
laboratory. Thus, my stock population came from the genetic variability available within 
the United States. 
Second, I conducted several tests to establish the consistency and repeatability of 
hoarding, as well as food intake and body weight. Ingestive behaviors are evaluated in the 
Schneider lab using 90-min time limited tests that require handling animals’ multiple 
times daily (Abdulhay et al., 2014; Klingerman et al., 2010b). I evaluated consistency of 
ingestive behaviors and body weight between 90-min and 24-h tests on the same animals. 
I hypothesized that using a 24-h test instead of a 90-min testing period would produce 
data that better represented an animals daily hoard tendency because each animal would 
be handled less. I also hypothesized that the amount of food hoarded would not differ 
from 90-min tests. The main reason why 90-min tests are used based on the findings of 
Gattermann et al. (2008) found that laboratory Syrian hamsters are active for about the 
same amount of time in the laboratory as is observed in the wild, but activity peaks 
around the time of lights out. Therefore, in one study, laboratory Syrian hamsters are 
shown to be mostly active at night near the time of lights out, and only for approximately 
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90 min. I cannot discount the possibility that Syrian hamsters in our lab might hoard at 
different times of the night, or that they are crepuscular as is observed in the wild 
(Gattermann et al., 2008). In addition to these concerns, it is also possible that the 
dichotomy in food hoarding observed in males tested for 90-min at lights out is due to 
variation in the timing of overall hoarding among individuals. Therefore, I wanted to 
control for these potential causes of variability, and evaluate all individuals over 24-h 
periods. Significant correlations within behavioral traits found between testing periods 
will provide strong evidence that comparisons can be made between studies using 
different time periods to evaluate the behaviors. I used the same data from 90-min and 
24-h tests to calculate one estimate of repeatability of ingestive behaviors and body 
weight. Repeatability, or the intra-class correlation coefficient, represents the ratio of 
between individual variance compared to the total variance (Nakagawa and Schielzeth, 
2010). Repeatability estimates span from 0 (not repeatable) to 1 (completely repeatable). 
The higher the proportion of variance found between individuals, the lower the within 
individual proportion of variance, and thus the higher the repeatability. Repeatability 
estimates can be used as an upper-bounds to estimates of heritability (Boake, 1989; 
Boake et al., 2002). 
If my hypotheses were correct, food hoarding, food intake, and body weight 
would be highly correlated between 90-min and 24-h tests. Correlation between traits 
indicates the statistical relationship between two treatments, and can indicate the 
repeatability of a character. To directly estimate repeatability for comparison to the 
literature, I also calculated the intra-class correlation coefficient for each trait. As an 
independent test of repeatability, I also randomly chose adult offspring that were included 
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in heritability estimates (see below) and tested them for ingestive behaviors a second 
time. I predicted that ingestive behavior and body weights from two repeated sets of 24-
hr hoard tests would show a higher estimate of repeatability compared to the comparison 
of 90-min and 24-h tests.  
Finally, I estimated heritability using data from a full sib/half-sib design that was 
analyzed in two different ways, a classic nested ANOVA design on only the offspring 
generation, and a more comprehensive ‘animal model’ approach that includes both 
parents and offspring in the analysis. If my hypothesis were correct, it would be predicted 
that the heritability for body weight would be greater than 0.5, consistent with the 
literature for most mammalian species in which it has been measure, and in support of the 
idea that natural selection has not been particularly strong for this trait (i.e., reproductive 
success can be high at a wide range of body weights). In addition, I predicted that food 
intake and food hoarding will show heritability estimates that are different from zero, 
suggesting some genetic variance, but variance that might have been depleted by natural 
selection. If there were substantial levels of heritability, then artificial selection 
experiments could be used to get more accurate measures of heritability. Experimental 
evolution could help determine the number of genes involved in controlling ingestive 
behaviors, and selected lines would be veritable gold mines for examining the 
mechanisms that underlie appetitive and consummatory aspects of ingestive behavior in 
Syrian hamsters.  
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METHODS 
 
General Animal Care: Experiments were conducted according to the guiding 
principles for research published by the National Institutes of Health, the Lehigh 
University Institutional Animal Care and Use Committee, and enforced by the United 
States Department of Agriculture. Animals were singly housed in opaque, Nalgene cages 
(31 × 19 × 18 cm) unless pregnant or in behavioral testing. Pregnant females were moved 
to larger, opaque, Nalgene cages (48 × 27 × 21 cm) after mating, and animals tested for 
behaviors were housed in the smaller cage size (31 × 19 × 18 cm), but with access to 
CritterTrail® Fun·nels™ tubes outside of the home cage. All animals were housed in 
rooms maintained at 22 ± 1 °C with a 14:10 light–dark cycle. 
 Heterogeneous stock: Adult female and male hamsters were obtained from 
Charles River Breeding Laboratories (Wilmington, MA), Harlan Laboratories, or the 
laboratory of the late Dr. Robert Johnston from Cornell University. Since the laboratory 
stock from Cornell was a mixed stock from various sources, Cornell hamsters (C) were 
mated to either Charles River (CR) hamsters or Harlan (HL) hamsters. The two-way 
crosses were designated C-CR and C-HL, and represented a mix of reciprocal male-
female crosses; half of C-CR pairings had C dams and CR sires, while half of the litters 
had CR dams and C sires. C-CR and C-HL offspring were then crossed to create a 
‘heterogeneous stock’ (HS) (Figure 2.3). Since hamsters acquired from Cornell had 
known mothers, three-way cross pairings to get HS animals avoided shared maternal 
grandmothers. When I paired hamsters to produce a parental generation (P) from the HS 
stock, I again attempted to maintain genetic variation by not pairing individuals that 
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shared maternal grandmothers so that offspring had an inbreeding coefficient < 0.125 
(Wright, 1922).  
 Weaning and acclimation: All litters were treated similarly up until the time of 
testing. All individuals were weaned from dams at PND 30 into same-sex groups by 
litter, consisting of 2-3 hamsters per group in large cages. For the rare occasion where 
only one male or one female was weaned, that individual was singly-housed in small 
cages. Groups were kept together until PND 75. After giving hamsters individual cages, 
they were acclimated to having a single cage for at least 14 days before behavior testing. 
In addition, all animals had the same home cage at least 8 days prior, and received new 
bedding 4 d prior to the start of behavior testing. The home cage given to hamsters at 
least 8 d prior to behavior testing was designed to facilitate the connection between the 
cage and tube system used during behavioral trials. Each cage had ~9 inches of 
CritterTrail® Fun·nels™ tubing extended outside of the cage through a 2 in diameter 
hole, which was taped to the side of the cage (Figure 2.2A). In addition to allowing the 
hamsters time to acclimate to the presence of the tube, this method appeared to train 
hamsters to know that they could leave the home cage through the tube (personal 
observation).  
Testing apparatus: I used a setup to test ingestive behaviors that was designed to mimic 
aspects of hoarding observed in wild Syrian hamsters (Gattermann et al., 2001), including 
a food source up and away from the home cage (Figure 2.2B). My setup was similar to 
the method in (Buckley and Schneider, 2003), and consists of the home cage as a 
simulated burrow, CritterTrail® Fun·nels™ tubing running approximately 1.5 m up and 
away from the home cage, and a saucer full of pre-weighed, cut pellets as a food source. 
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Each saucer was pre-filled with ~500 g of cut Tekland 2016 rodent chow pellets cut to 1-
2 cm in length before testing periods (both 90-min and 24-h tests). This pellet size 
facilitates food hoarding in the laboratory since larger pellets result in hamsters literally 
getting stuck in the tubes when their cheek pouches are full (personal observation). When 
acclimated to clean cages with tube access for 8 d, and clean bedding for 4 d, prior to 
behavior testing, hamsters were very rarely observed to sleep in the tunnels or food 
saucers, or to carry bedding to tunnels or saucers.  
Evaluating food hoarding and intake: To test ingestive behaviors in Syrian hamsters, 
individuals were given access to the hoard apparatus with pre-weighed pellets in the 
saucer at the beginning of the test. At the end of the test, the tubes are unattached and 
hamsters are returned to the home cage. The amount of food hoarded was estimated as 
the weight of all pellets sifted from the home cage, found in the tubes, or taken from the 
hamster’s cheek pouches at the end of the test. Food intake was calculated as the weight 
of pellets in the saucer at the beginning of the test minus the food hoarded plus the weight 
of the pellets left in the saucer at the end of the test. For 90-minute tests, hamsters are 
first given access to the apparatus at the time of lights out. For 24-h tests, all pellet 
weights, animal weights, and sifting was conducted during the light phase. To control for 
within individual variability, I excluded the first two days as acclimation days, and then 
averaged the final four days of food weights to get an average daily 90-min or 24-h 
hoarding score. 
Age of hamsters at testing: Individuals that were not selected for inclusion into 
heritability estimation were used for the intra-class correlation. These hamsters were first 
tested for 90-min hoarding, and then again 3 weeks later test for 24-h hoarding. For 
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estimating heritability, 2 males and 3 females from litters in the parental generation were 
tested for adult hoarding, and then randomly mated (avoiding sibling crosses). The 
offspring of these pairings were raised, weaned, and acclimated as previously described. 
All animals in both the parental and offspring generations and were tested over 6 days 
from postnatal day (PND) 84 to PND 90 (Figure 2.4). Subsequent testing was conducted 
on some animals to confirm repeatability of behaviors and body weights in between 24-h 
tests.  
Statistical methods. 
Consistency and repeatability: The consistency in behaviors and weights between 90-min 
and 24-h repeated tests were estimated using linear regression. Correlation coefficients 
showed the relative relationship between different behaviors that were monitored over 
two time frames. The sign of the slope indicates the direction of the relationship (negative 
vs positive), and has no bearing on the estimates of repeatability. Repeatabilities and their 
95% confidence intervals of ingestive behaviors and weights were estimated using linear 
mixed models in the rptr package (Nakagawa and Schielzeth, 2010) in R (R 
Development Core Team, 2016) using the same data. Linear mixed models were used to 
test for repeatabilities. Each model included individual ID as a repeated measure, and 
hamster sex and time period (90 m vs. 24-h) as fixed effects. I linear transformed 4-day 
hoarding scores with log10(hoard + 1) to normalize residuals, and all three characteristics 
were run as “Gaussian”. I also ran the same linear mixed models to evaluate the potential 
for significant fixed effects using type III sums of squares in Wald F tests using 
Kenward-Roger degrees of freedom (Bates et al., 2014).  
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Estimates of Heritability. 
To estimate heritability, I quantified trait values for up to 8 offspring per litter in 
the offspring generation. I was interested in the within and between litter variance, so it 
made sense to include multiple offspring. However, testing many offspring from fewer 
numbers of parents can limit the power of the study and potentially increase the 
proportion of variance due to the maternal environment. If I had conducted the 
experiment in the opposite way, where many more parents are included with fewer 
offspring per litter, the analysis would produce a more precise estimate of heritability. 
Fewer offspring per litter would limit the amount of shared environmental effects that are 
present in the overall variance. Therefore, a design with more parents and less offspring 
would show confidence intervals around the estimate of heritability that are reduced 
compared to an estimate from fewer parents and more offspring per litter. Thus, the 
difference between the two designs would be the precision and not the magnitude of the 
estimate of heritability. That is, if the estimate is the true population proportion of 
additive genetic variance.  
Phenotypic variance can be split up into components, and these components are 
said to explain proportions of the overall variance. When taking a broad sense approach, 
total phenotypic variance (VT) is made up of only a genetic component (VG) and an 
environmental component (VE) [VT = VG + VE]. Therefore, the proportion of total 
variance that is due to genes is equal to VG / VT, and is called the ‘broad sense’ 
heritability (H2), or ‘the degree of genetic determination’ (Falconer and Mackay, 1996). 
In practice, it is very difficult to estimate broad sense heritability because it requires 
eliminating all of one of the contributing factors (either genetic, or environmental). The 
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genetic component can be further subdivided into multiple components, including the 
additive genetic variance (VA), variance due to dominance among alleles (VD), variance 
due to epistatic interactions among genes (VI). Additive genetic variance is breeding 
value, or the mean effect of both parents’ genetic contribution to the phenotype, whereas 
dominance is due to the effect of between allele dominance within particular loci. In 
addition to separating the components of VG, there is an overall effect of the environment 
(VE) and the interaction between genes and the environment (VGxE). Therefore, VT = (VA 
+ VD + VI + VE + VGxE). The main cause of resemblance between parents and offspring, 
and thus the heritable genetic component of variance in this equation is the additive 
genetic variance. Therefore, the contribution of genes to the phenotypic variance can be 
estimated by taking a ‘narrow sense’ approach, where the narrow sense heritability (h2) is 
equal to VA/VT. I estimated the additive genetic variance (VA) that is due to the 
relationship between parents and offspring using two different statistical methods, a 
nested ANOVA and ‘animal model’. These methods extract the additive genetic variance, 
and ignore dominance, epistatic, and environmental influences on heritability of traits by 
grouping these components into the residual variance. Thus, I ignored these factors by 
not directly testing for them.  
 Nested ANOVA: I used a nested ANOVA to estimate the mean squares associated 
with the covariance in traits between full and half-siblings from the offspring generation 
(Falconer and Mackay, 1996).  The effect of offspring sex was not included, and thus not 
controlled for. For each characteristic, heritability was calculated using equations shown 
in (Roff, 2012) and implemented using a modified version of the R script provided by 
Roff et al. (2012).  
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 Animal Model: A form of general linear models can be used to estimate variance 
components due to additive genetic variance, maternal effects, and repeatability by 
incorporating random factors associated with individuals’ breeding values (kinship 
variance-covariance matrix calculated from a known pedigree). This type of model was 
called an ‘animal model’ because the random factor defined by the pedigree was the 
‘animal’ random factor included. I implemented these models using the package 
MCMCglmm (Hadfield, 2010) in R (R Development Core Team, 2016). In these models, 
the random factor ‘animal’ directly estimates the additive genetic variance (𝑉𝐴) of a trait. 
The heritability (ℎ2) of a trait was then calculated directly from the variance components 
estimated using Markov Chain Monte Carlo Bayesian estimation: ℎ2 =  𝑉𝐴/𝑉𝑃, where 
𝑉𝑃 was the total phenotypic variance. From the model output, 𝑉𝑃 was defined as the linear 
combination of variance that was explained by the random factors (𝑉𝑅𝑎𝑛𝑑) included in the 
model and the residual variance (𝑉𝑅): 𝑉𝑃 = 𝑉𝐴 + 𝑉𝑅𝑎𝑛𝑑 + 𝑉𝑅. For example, I also include 
a term for ‘permanent environment’ because individuals were monitored over multiple 
days; I can account for the proportion of the residual variance that was due to within-
individual variance, and this permanent environmental effect was an estimate of 
repeatability. Inclusion of multiple random factors in the model can influence the 
estimate of additive genetic variance, but it allows me to assign heritable components of 
the total variance to factors such as maternal effects and determine how these variance 
components influence the estimates of heritability.  
 For analysis, I include all individuals from both the parental and offspring 
generation that were tested for behavior for four days. For heritability estimates, I 
focused on the additive genetic variance, maternal effects, and repeatability. I ran two 
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models each for amount of food hoarded (g/d), Log (food hoarded (g/d)), daily food 
intake (g/d), and body weight (g) separately. The first model includes all three random 
factors, and the second model excludes the maternal effect factor, leaving only additive 
genetic variance and repeatability. I did this to assess the importance of maternal effects 
to estimates of heritability given that litter mates share a maternal environment from 
conception until weaning. Models with and without maternal effects are qualitatively 
compared using the deviance information criterion (DIC) as a measure of the model’s fit 
to the data (Spiegelhalter et al., 2002).   
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RESULTS 
 
Consistency of Hoard estimates between 90-min and 24-h: 
Ingestive behavior and body weights from 22 hamsters (14 females and 8 males) 
in 90-min and then 24-h 4-day hoarding tests showed that the average daily hoard scores 
during 90-min tests significantly predicts average daily hoard scores in 24-h tests (t =
2.81,  p < 0.011) (Figure 2.4A, Table 2.1). Average daily overnight intake scores taken 
on days of 90-min testing do not predict average daily intake scores from 24-h tests 
(Figure 2.4B, Table 2.1). Average daily 90-min intake scores were significantly 
negatively correlated with 24-h average daily intake scores (t = −2.12 p < 0.05) (Figure 
2.4C, Table 2.1). Average daily body weights between the two tests were significantly 
correlated (t = 13.71, p < 01.3e − 11) (Figure 2.4D, Table 2.1).  
Average daily hoard scores from 90-min and 24-h tests together show that 
hamsters hoarded 37.5 g/day (SD: ± 76.85 g/day). When accounting for repeated 
measures of individuals, there was no interaction between sex and replicate. When the 
interaction term was excluded there was no significant effect of sex, but there was an 
effect of replicate (𝐹1,20 =  62.61, p < 9.8e-8). In 24-h tests individuals had increased 
average daily hoard scores by 7.5 g/day (95% CI: 3.84 g/day, 53.7 g/day) compared to 
90-min tests (𝑝𝑎𝑑𝑗 < 0.0001).  Un-transformed average daily hoard scores had a 
repeatability of 0.12 (0, 0.508), and this was significantly different from zero (D = 7.04, p 
< 0.004). Log transformed average daily hoard scores were not repeatable (R = 0, D = -
2.53, p = 1). 
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Average daily overnight intake scores taken on days of 90-min testing and 
average daily intake scores from 24-h tests together show that hamsters ate 8.9 g/day 
(SD: ± 1.56 g/day). When accounting for repeated measures of individuals, there was no 
significant interaction between sex and replicate. When the interaction term was excluded 
there was no significant effect of sex, but there was an effect of replicate (𝐹1,20 =  45.46, 
p < 1.14e-6). In 24-h tests individuals showed an increase in average daily intake scores 
by 2.12 g/day (95% CI: 1.47 g/day, 2.78 g/day) compared to average daily overnight 
intake scores taken on days of 90-min testing (𝑝𝑎𝑑𝑗 < 0.0001). When comparing average 
daily overnight intake scores estimated during 90-min tests to average daily intake scores 
from 24-h tests, estimates were not repeatable (R = 0, D = -1.07, p = 1). 
When average daily 90-min intake scores are compared to average daily intake 
scores from 24-h tests, there was no interaction between sex and replicate. When the 
interaction was excluded, there was no significant effect of sex, but there was a 
significant effect of replicate (𝐹1,21 =  1327.1, p < 2e-16). Average daily intake scores 
from 24-h tests were 9.34 g/day (95% CI: 8.8 g/day, 9.9g/day) higher than average daily 
90-min intake scores (𝑝𝑎𝑑𝑗 < 0.0001). Average daily overnight intake scores were not 
repeatable (R = 0, D = 1.8, p > 0.14) when compared to average daily intake scores from 
24-h tests.  
Average daily body weights among the 90-min and 24-h tests were 140.09g ± 
14.3 g. There was no interaction between sex and replicate. When the interaction is 
excluded, there was no significant effect of sex, but there was a significant effect of 
replicate (𝐹1,21 =  98.79, p < 1.2e-9). Average daily body weights were 9.33 g (95% CI: 
7.4 g, 11.3 g) heavier during 24-h tests compared to 90-min tests (𝑝𝑎𝑑𝑗 < 0.0001). 
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Average daily body weight between the time periods was repeatable and significantly 
different from zero (R = 0.75, D = 21.1, p < 2.2e-6).  
Repeatability in adult offspring included in heritability estimates (2 24-hour tests): 
Average daily hoard and intake scores, and body weights, from 24-h tests were 
calculated a second time for 52 hamsters (12 females and 14 males) from the offspring 
generation. Individuals were tested approximately 1 month after they were first tested for 
behaviors to contribute to heritability estimates. Combined, average daily hoard scores 
from 24-h tests were 157.58 ± 295.3 g/day. The average daily hoard scores were highly 
skewed, so I used log10(hoard (g/day) + 1) when comparing means, but used the raw and 
transformed scores to calculate repeatability. A linear mixed model run on transformed 
scores with 'hamster' included as a random factor showed no significant interaction, and 
no significant effects of offspring or sex when the interaction term was excluded.  
However, the same model run on un-transformed average daily hoard scores showed a 
significant interaction between replicate and offspring sex (𝐹1,24 = 7.58,  𝑝 < 0.012), a 
significant effect of replicate (𝐹1,24 = 12.99 𝑝 < 0.0015), but no significant effect of 
offspring sex (𝐹1,31.8 = 2.08,  𝑝 < 0.16) (data not shown). Repeatability of average daily 
hoard scores was 0.159 [90%CI: 0, 0.495] and was significantly different from zero (𝐷 =
9.91,  𝑝 = 0.008).  
Average daily intake scores showed that hamsters ate 8.3 g/day (± 2.0) during 24-
h tests. There was no significant effect of replicate, sex, or an interaction on average daily 
intake scores. The repeatability of average daily intake scores between two replicates was 
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0.109 (95% CI: 0, 0.371), and was not significantly different from zero (𝐷 = −0.73,  𝑝 =
1). 
Average daily body weights were 143.05 g ± 16.47 g. There was no interaction 
between replicate and offspring sex (𝐹1,24 = 0.70,  𝑝 < 0.42). When the interaction term 
was excluded, there no effect of sex (𝐹1,24 = 0.53,  𝑝 < 0.53), but a significant effect of 
replicate (𝐹1,25 = 40.18,  𝑝 < 1.3𝑒 − 6). Average daily body weights increased 13.38 g 
(95% CI: 8.9, 17.8) between replicate 24-h tests (𝑝𝑎𝑑𝑗 < 0.0001). The repeatability of 
average daily weights was 0.458 (95% CI: 0.11, 0.723) and was significantly different 
from zero (𝐷 = 9.53,  𝑝 = 0.001). 
Heritability Estimates using nested ANOVA on only the offspring generation: 
 A total of 313 adult Syrian hamsters from the offspring generation were weighed 
and tested for ingestive behavior to estimate the heritability of these traits. These 
individuals were raised by 44 dams that were mated to 26 sires from the parental 
generation. Using equations presented by (Roff, 2012), I calculated the adjusted sample 
sizes for number of offspring per dam (7.07), offspring per dam per sire (7.14), and 
offspring per sire (11.97) to calculate adjusted variance components. Heritabilities were 
calculated for variance attributable to sires and then dams nested in sires separately, and 
then a combined estimate was calculated (Table 2.2). Standard error calculations were 
only available for the individual sire or sire/dam estimates, and not for the combined 
estimate. The significance of each component was based on F values derived from the 
nested ANOVA. 
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Food Hoarding 
 Log transformed average daily food hoarding scores showed the lowest 
heritability (0.26), which was not different from zero based on the average of the standard 
errors calculated for the sire and dam heritabilities. Log transformed average daily food 
hoarding scores did not have a significant effect of sire (𝐹25,269 = 1.32, 𝑝 > 0.27), but 
did have a significant effect of dam within sires (𝐹18,269 = 1.72, 𝑝 < 0.035). 
Food Intake 
 Heritability for food intake (0.9) appears to be different from zero based on 
average standard errors. Average daily food intake scores did not have a significant effect 
of sire (𝐹25,269 = 0.86, 𝑝 > 0.64), but did have a significant effect of dam within sires 
(𝐹18,269 = 7.31, 𝑝 < 2.9𝑒 − 15). 
 Heritability for body weight (0.8) appears to be different from zero based on 
average standard errors. Average daily body weights did not have a significant effect of 
sire (𝐹25,269 = 1.62, 𝑝 > 0.14), but did have a significant effect of dam within sires 
(𝐹18,269 = 4.19, 𝑝 < 8.5𝑒 − 8). 
 For all three traits the heritability attributable to sires was substantially lower than 
heritabilities attributable to dams within sires, and not significantly different from zero. 
The dam within sire estimates of heritability were all significantly different from zero.  
Heritability estimates using the ‘animal model’ including the parents and offspring. 
 A total of 419 individuals from two generations were tested for ingestive 
behaviors and weighed over 4 consecutive days for a total of 1,676 observations. In the 
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parental generation, there were 65 females and 45 males, and in the offspring generation 
there were 142 females and 171 males. This data set includes data from 313 individuals 
from the offspring generation that were evaluated in the nested ANOVA. After 
controlling for the overall effect of sex and generation, the proportion of variance that can 
be accounted for by additive genetic variance (h2), maternal effects (m2), and permanent 
environment (pe2) were estimated in Model 1 (Table 2.3), additive genetic variance and 
permanent environment in Model 2, and only individual I.D. was used to estimate day-to-
day repeatability. The estimate of heritability for food hoarding was affected by the 
distribution of the data, where use of the untransformed data produced estimates that 
were very low (< 4e-4) from models that did not fit the data well (DIC > 19,000). When 
using log-transformed data, the estimates of heritability were low (0.11 – 0.13) but 
significantly different from zero, and the models fit the data substantially better (DIC ~ 
1521). The proportion of the variance in food hoarding is explained by a significant, but 
very low maternal effect component (0.005). Model 2, which excluded maternal effects, 
did not differ in DIC value from Model 1.  Hoarding behavior had a low heritability 
relative to food intake and body weight. When the raw data were analyzed, heritability of 
food hoarded was zero, and when the data were log-transformed there was a very low, 
but significant heritability (0.004). This estimate increased when the maternal effect was 
excluded in Model 2 (0.127). Food hoarding was highly repeatable, and this estimate was 
the same for log-transformed data. Food intake shows significant heritability (0.22) only 
when a significant maternal effect (0.124) was excluded in Model 2. Body weight had a 
high heritability (0.61) that was significantly different from zero, and this estimate 
remains high when maternal effects are excluded. The high repeatability of body weight 
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observed in Model 2 was dependent on the maternal effect observed in Model 1 (0.17) 
that was significantly different from zero; body weight was not repeatable in Model 1.  
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FIGURES 
 
 
 
 
 
 
 
Figure 2.1 - The percent of hamsters (n = 16) within bins based on the number of pellets 
hoarded per over a 16 d period. Based on Figure 1. in Koski (1963). 
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Figure 2.2 – Photographs illustrating the ~9 in tubes (A) attached to home cages to 
acclimate hamsters to tube access outside of the home cage, and the entire hoarding setup 
(B) showing the home cage, ~1.5 m of tubes, and the food saucer. Photos by J. M. 
Brozek. 
 
 
 
  
 40 
 
 
 
 
 
Figure 2.3 – Mating design used to get a heterogeneous stock from three source 
populations of Syrian hamsters. Cornell (C) hamsters were mated to both Charles River 
(CR) and Harlan Labs (HL) hamsters to one-way offspring, which were then reciprocally 
crossed to get heterogeneous stock animals that had a background including all three 
stocks. Heterogeneous stock animals that did not share a maternal grandmother from the 
Cornell lab were mated to produce my Parental generation for testing ingestive behaviors. 
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Figure 2.4 – Mating design used to create families of full- and half-siblings in Syrian 
hamsters. Each sire in a parental generation was mated to at least two females. From 
those pairings, I tested ingestive behaviors on up to 8 offspring (numbered small 
cartoons) per litter for 6 days ending at postnatal day 90.  
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Figure 2.5 – Least squares regression lines indicating the consistency between two 
estimates of ingestive behaviors and body weights taken first during 90-min hoard 
testing, and second during 24-h hoard testing in Syrian hamsters. All data represent an 
individual’s 4- day average for each trait within each test. During 90-min testing, food 
intake was estimated overnight when the hamsters do not have access to a hoarding setup, 
and during the 90-min test when the animals do have access to the setup. Significance 
was determined using linear models: A. (𝑝 < 0.02, 𝑟𝑎𝑑𝑗
2 = 0.25), B. (𝑝 > 0.44, 𝑟𝑎𝑑𝑗
2 =
 14), C. (𝑝 < 0.05, 𝑟𝑎𝑑𝑗
2 = −0.02), D. (𝑝 < 1.3𝑒 − 11, 𝑟𝑎𝑑𝑗
2 = 0.9). 
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TABLES 
  
  
4
4
 
 
 
 
 
 
Table 2.1 – Linear regression and correlation estimates (df = 20) for traits quantified during 90-min and then 24-h hoard tests in 22 
Syrian hamsters (14 females and 8 males). CI = 95% confidence interval. During 90-min time-limited tests, food intake was monitored 
over two time periods daily: 1) during the 90 min hoard test, and 2) during the remaining 22.5 hrs (overnight) of each day. Body 
weights were taken each day just prior to the 90 min hoard test.   
  
Trait Coefficient (CI) Intercept t-value p-value 𝑟2, adj Pearson R (CI) 
Food hoarded (g) 2.30 (0.59, 4.0) 34.72 2.81 0.011 0.25 0.53 (0.14, 0.78) 
Food intake (g), 90-min -1.93 (-3.83, -0.03) 11.15 -2.119 0.047 -0.02 -0.43 (-0.72, -0.008) 
Food intake (g), Overnight 0.18 (-0.29, 0.65) 8.56 0.79 0.44 0.14 0.17 (-0.27, 0.55) 
Body weight (g) 0.88 (0.75, 1.02) 25.1 13.71 1.26e-11 0.9 0.95 (0.88, 0.97) 
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Table 2.2 – Heritability (ℎ2) estimates for ingestive behaviors and body weight based on a nested ANOVA of 313 adult Syrian 
hamster offspring raised by 44 dams which were mated to 26 sires. Heritability associated with half-sibling families within sires (Sire 
ℎ2) and full-sibling families nested in sires (Dam ℎ2) are calculated based on the mean squares in the ANOVA, and the overall (ℎ2) 
are calculated based on the equations presented in (Roff, 2012). The significance was presented for the main effects of Sire and Dam 
nested in Sire in the nested ANOVA.   
  
Hamster Trait Sire ℎ2 Dam ℎ2 Combined ℎ2 𝑝𝑆𝑖𝑟𝑒 𝑝𝑆𝑖𝑟𝑒/𝐷𝑎𝑚 
Food Hoarding (g/day) 0.161 (± 0.228) 0.357 (± 0.284) 0.26 > 0.27 < 0.04 
Food intake (g/day) -0.205 (± 0.137) 1.983 (± 0.43) 0.90 > 0.64 < 2.9e-15 
Body Weight (g) 0.515 (± 0.288) 1.083 (± 0.409) 0.80 > 0.14 < 8.5e-8 
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    Log Food Hoarded (g/day) Food Hoarded (g/day) Food Intake (g/day) Body Weight 
Model 1 ℎ2 0.11 [0.001, 0.24] 3.85e-6 [1.52e-8, 0.12] 0.0009 [5.26e-5, 0.25] 0.64 [0.42, 0.86] 
 𝑚
2 0.005 [7e-4, 0.11] 0.004 [1.39e-8, 0.18] 0.13 [0.065, 0.22] 0.12 [0.06, 0.24] 
  𝑝𝑒
2 0.53 [0.41, 0.64] 0.56 [0.46, 0.64] 0.0008 [5.04e-5, 0.14] 0.002 [1.17e-6, 0.24] 
 residual 0.36 [0.31, 0.4] 0.32 [0.28, 0.37] 0.81 [0.73, 0.9] 0.008 [0.006, 0.01] 
 DIC 1520.99 19,537.68 7211.27 6164.98 
Model 2 ℎ2 0.13 [0.04, 0.28] 0.0004 [2.2e-8, 0.21] 0.22 [0.14, 0.31] 0.64 [0.5, 0.79] 
  𝑝𝑒
2 0.53 [0.38, 0.61] 0.57 [0.46, 0.68] 0.0008 [4.9e-5, 0.12] 0.35 [0.2, 0.49] 
 residual 0.34 [0.30, 0.39] 0.32 [0.29, 0.37] 0.72 [0.66, 0.78] 0.009 [0.007, 0.01] 
 DIC 1521.41 19,539.68 7243.31 6165.09 
Repeatability R 0.65 [0.62, 0.7] 0.67 [0.63, 0.71] 0.28 [0.22, 0.32] 0.97 [0.5, 0.98] 
 DIC 1523.1 19,540.28 7271.96 6165.39 
 
Table 2.3 – Estimates of heritability (ℎ2), maternal effects (𝑚2), and repeatability (𝑝𝑒2), and repeatability (R) from the posterior 
distribution [95 % credibility intervals] for adult characteristics measured in both a parental and offspring generation of laboratory 
bred Syrian hamsters. Model 1 includes a term to estimate the maternal component of residual variance (𝑚2), and Model 2 did not 
include this term. The Repeatability model includes only hamster ID as a random effect. All models control for the effects of sex and 
generation as fixed effects, and model fit to the data is estimated using DIC. Estimates are considered statistically significant if the 
credibility estimates do not overlap zero; all estimates are significant.  
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DISSCUSSION 
 I hypothesized that food hoarding behavior in laboratory Syrian hamsters would 
be consistent and repeatable among individuals, and that variation in ingestive behaviors 
was due to underlying additive genetic variance. I tested this by measuring repeatability 
and heritability using two methods. Food hoarding behavior was consistent between 90-
min and 24 hr tests, significantly repeatable over time periods up to 45 days, and 
significantly heritable. I provide two different estimates for heritability, and for 
repeatability. Food hoarding is heritable, and the heritability estimate is low. In the nested 
ANOVA I found that 26% and in the ‘animal model’ only 11 - 13% of the variability is 
explained by additive genetic variance based on the estimates from log-transformed data 
in “animal models.” The animal model takes into account more aspects of the 
experimental design that can contribute to overall variance, and those factors can 
potentially bias estimates of additive genetic variance. Also, there was a large difference 
between the maternal and paternal components of additive genetic variance estimated 
using nested ANOVAs, and this suggests that maternal effects are contributing to trait 
variability and that the combined heritability of 0.26 was over-estimated. In the “animal 
model” estimates, there was a very low but significant maternal effect observed. 
However, when the maternal random effect was excluded from the model, there was no 
change in the DIC score, suggesting that adding in the maternal effect to the model does 
not explain substantially more of the overall variation. There were much higher 
proportions of the variance that were explained by repeated measurements over four 
consecutive days (pe2) and by the unexplained residual variance compared to the 
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maternal effect. Therefore, I concluded that food hoarding in laboratory Syrian hamsters 
has retained additive genetic variance that is heritable, and may not be substantially 
influenced by maternal effects.  
My estimates of heritability are consistent with the literature on foraging 
behaviors. If the true estimate of heritability of hoarding behavior lies between 11% and 
65% (using repeatability as an upper bounds to heritability), then my estimates overlap 
estimates of foraging behaviors in laboratory mice, where 29% - 49% of variability in 
hoarding is heritable (Manosevitz and Lindzey, 1967). In zebra finch, patch-choice 
behavior is linked to fitness, and is significantly heritable (25%) (Lemon, 1993). The 
inheritance of foraging behaviors have been evaluated in animals from insects and spiders 
(Hedrick and Riechert, 1989; Missoweit et al., 2007) to fish, reptiles, and mammals 
(Arnold, 1981; Ritchie, 1988; Schemmel, 1980). These studies are reviewed by Ritchie 
(1988) and Lemon (1993); the examples reviewed include behaviors that represent the 
basic decision to forage or not. Ritchie (1988) evaluated quantitative decisions associated 
with the quality of food sources, which is different from earlier studies on the choice 
between food and no food. I evaluated the basic tendency to hoard food from a source, 
located up and away from the home cage, under baseline conditions and I removed the 
hoarded food each day. Therefore, my estimates of heritability in Syrian hamsters are 
more in line with the studies that evaluated the basic choice between food and no food, 
and may represent the basic drive to re-fill a larder hoard to maintain energy balance over 
the long term. Heritability estimates are population and environment specific, so caution 
is warranted when attempting to compare my estimates from other populations. My 
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estimates do however suggest that artificial selection on food hoarding is possible given a 
very large population sample and many generations of strong selection to observe a 
response.  
One explanation for the low additive genetic variance in food hoarding is that this 
trait, as quantified in the laboratory, closely represents a trait that has been under natural 
selection in the ancestral populations, and that selection has depleted the additive genetic 
variance in food hoarding (Falconer and Mackay, 1996). Heritability estimates are, 
however, population and context specific, and thus, I will briefly discuss the origin of my 
population because it provides some clues to the origins or variability in these hamsters. 
The population from which all commercially available Syrian hamsters are derived were 
descended from hamsters trapped in Aleppo, Syrian in 1930. The offspring were 
interbred to produce the first colony in Israel which eventually led to breeding colonies in 
the United States (Murphy, 1985). There were several additional collections from the 
wild in the late 1970’s and 1990’s (Gattermann et al., 2001; Murphy, 1985), but these 
were never intermixed with the commercial colonies. The eventual fate of hamsters 
collected in the 1970s is not known, but the collections conducted by Gattermann et al. 
(2001) are held at Halle University in Germany. Therefore, the low additive genetic 
variance in food hoarding could be due to sampling bias during the bottle-neck, where 
only a few individuals on only several different occasions were taken from the wild and 
the available genetic variance was low to begin with. If this hypothesis was true, 
however, then it might be expected that the additive genetic variance for the three traits 
measured would all be low. To the contrary, body weight was highly heritable (up to 65% 
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of the variability is explained by additive genetic variance, with a possible upper bound 
around 97%). Thus, it is possible that the low heritability in food hoarding indicates that 
food hoarding represents and adaptation rather than an accidental effect of inbreeding. 
There are a number of reasons to suggest that food hoarding is adaptive. Syrian 
hamsters’ home range is semi-arid steppe in a temperate latitude with changing day 
length and food supply, which in the past would have had very heterogeneous distribution 
of resources, and drastic seasonal fluctuations in seasonal availability of food resources. 
Currently, much of the range is dominated by agricultural plots of lentils and other 
legumes making resource availability highly seasonal. Hamsters have seasonal changes in 
energy demand as well as energy supply. Males are solitary and territorial in the breeding 
season, and likely require energy for burrowing, territorial acquisition, and territorial 
defense. Syrian hamsters hibernate during the winter, and require a food hoard to survive 
arousal from hibernation. Females are solitary except when rearing offspring prior to 
weaning, and, like all mammals, must expend a great deal of energy on milk production 
during lactation. In addition, females do not increase their daily food intake during 
pregnancy; pregnant mothers deplete their own bodily fat stores to provide energy for the 
growing conceptus; and mothers enter lactation in a state of negative energy balance. 
Thus, a sufficiently large food hoard is likely to be necessary for successful lactation and 
arousal from hibernation. In both the past, and in the present, selection may have favored 
individuals with tendencies toward more food hoarding, which would promote winter 
survival and reproduction in the spring. Therefore, it is likely that food hoarding 
represents a major adaptation for survival and maintenance of litters in their natural 
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habitat. Traits that are closely linked to fitness tend to have low additive genetic variance, 
and this is because selection would have eliminated the genetic variance associated with 
these critical traits in the past (Falconer and Mackay, 1996; Mousseau and Roff, 1987). 
Food hoarding is likely a critical trait that contributes to the survival of hamsters and 
other hoarding species in the wild. Therefore, heritable variation in food hoarding in 
Syrian hamsters was likely under selection in the past, and this may explain why I found 
low estimates of heritability for food hoarding. 
 Although food hoarding might have a low narrow-sense heritability in the 
population that I created, there was evidence that this trait is repeatable within 
individuals. Estimates of repeatability from the animal models showed that scores were 
highly repeatable (ranging 0.53 to 0.57) over the 4 days of testing, and this pattern is 
consistent between un-transformed and transformed data. Over longer time periods, 
weeks to months, the repeatability estimates decrease but remain statistically different 
from zero. The 90-min average daily hoard scores significantly predicted 24-h average 
daily hoard scores (Pearson’s r = 0.53), and the relative individual score was repeatable 
(0.12). Among adults from the offspring generation that were tested twice for 24-h 
ingestive behaviors, the estimates were also repeatable (0.16). Based on this data my 
hypothesis that food hoarding behavior is both consistent and repeatable is supported. 
Food hoarding is repeatable over longer time frames (up to 45 d between trials) compared 
to intake, which is only repeatable when observed day to day. The estimates are 
consistent with the literature, but only a few studies have been conducted on the 
repeatability of foraging behaviors, including food intake, and these estimates vary 
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widely (Bell et al., 2009). The only other study that evaluated the repeatability of food 
hoarding in naturally-hoarding rodents evaluated kangaroo rats captured from natural 
populations that were examined under common garden conditions in the laboratory 
(Jenkins, 2011). Jenkins (2011) found that food hoarding in two species of Dipodomys sp. 
of kangaroo rats was highly repeatable among males (0.47, and 0.86). These animals 
were collected from wild populations and tested under common garden conditions in 2 
tests that were about 3 months apart, suggesting the hoarding scores in these rats are 
relatively more stable over time than the estimates that I observed in Syrian hamsters. 
These rats, however, survived in a harsh desert environment prior to capture whereas the 
hamsters in our laboratory were raised in an artificial environment where food 
availability is relatively unlimited. My results are consistent with (Jenkins, 2011). It is 
clear that food hoarding is a repeatable behavior in laboratory raised and wild caught 
mammals. 
Prior to estimating repeatability and heritability, I evaluated consistency of 
ingestive behaviors in hamsters over two different time frames. Previous studies that 
evaluate the neuro-endocrine control of food hoarding and food intake utilize a 90-min 
time-limited test, whereas I chose to use a 24 h test to evaluate ingestive behaviors. I 
found that food hoarding and body weights were highly correlated. Food intake, however 
showed mixed results. As would be predicted, individuals that eat more during the 90-
min time period would eat less the rest of the 22.5 hours in the day. In fact, there was a 
significant negative correlation between 90-min intake and overall intake during a 24-h 
test. Further, there was no correlation between the overnight intake during the 90-min test 
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and the 24-h test. These results suggest that individuals had a tendency to vary when they 
eat most between the two separate testing periods. If individuals did not vary when they 
ate, then both estimates would be correlated. Also, the correlations would reflect the 
repeatability estimates observed within individuals over the short term when the data is 
analyzed using general linear mixed models. These correlations indicate that 
consummatory ingestive behaviors vary in time within individuals, and do not discount 
the use of 24-h intake as an estimate of the magnitude of differences between individuals 
when evaluating repeatability and heritability.  
Food hoarding can be a plastic behavior that responds to changes in the 
environment, such as food availability. Vander Wall (1990) cites many examples of 
changes in hoarding levels that are coincident with seasonal changes in food availability. 
Pikas (Ochotona princeps), for example, begin hoarding hay piles in the late summer and 
fall, prior to the winter months (Vander Wall, 1990). Laboratory conditions that produce 
energy deficits, such food deprivation, result in increases in food hoarding (Borer et al., 
1985; Lea and Tarpy, 1986; Wong, 1984). Also, natural increases in energy demand such 
as pregnancy and lactation (Bartness, 1997), cold ambient temperatures, and increased 
exercise with access to a running wheel all increase hoarding (Abdulhay et al., 2014; 
Wade and Schneider, 1992).  Both Syrian and Siberian hamsters do not increase food 
intake as much as they increase hoarding when subjected to energy restriction (Bartness, 
1997; Klingerman et al., 2010b). If food hoarding is a plastic trait that responds to 
changes in energy balance, then it makes sense that there may be low additive genetic 
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variance contributing to variability among individuals and that repeatability decreases 
with increased time between replicate tests.  
In order for selection to shape phenotypes through time, there must be heritable 
variation in that phenotype. However, it is also known that phenotypes can be plastic, and 
that this plasticity can be passed from generation to generation without changes in gene 
frequency, but rather with changes in gene expression (West-Eberhard, 1989). It is true 
that phenotypic variance is not easily studied, nor is it well understood in many systems, 
but the complexity of organism should not be a road block to future studies on 
phenotypic variation. My goal is to study how and why phenotypic variance arises from 
generation to generation, which will be critical to understanding how complex plastic 
phenotypes such as food hoarding behavior are shaped by selection over time. A major 
finding of this study is that variation in appetitive ingestive behaviors in Syrian hamsters 
is strongly influence by the maternal environment. Therefore, in my subsequent 
experiments, I examined the effects of maternal gestational food restriction on offspring 
food hoarding, food intake, body weight, body fat content, and the interaction with 
offspring sex. 
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CHAPTER 3 
 
MAINTENANCE OF LITTER SIZE FOR GESTATIONAL RESTRICTION 
EXPERIMENTS IS DEPENDENT UPON CAGE SIZE AND DIET DELIVERY 
METHODOLOGY 
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INTRODUCTION 
 
In Chapter 2, I showed that variance in food hoarding behavior is heavily 
influenced by the maternal contribution to additive genetic variance, and that there was 
little overall evidence for a significant additive genetic contribution to food hoarding. The 
maternal contribution in these traits was much higher than the paternal contribution, at 
least among individuals in the offspring generation. This imbalance might be explained 
by an overall contribution of the maternal environment on the offspring phenotype, a 
maternal effect. There are uncontrolled environmental factors in our population, and it is 
likely that the main factor contributing to variability among individuals was their shared 
environment with their mother. Syrian hamster offspring are raised solely by the mother. 
Therefore, litter mates share a maternal environment from conception up to weaning. One 
possibility is that something about this shared environment is contributing to variability 
among individuals in characteristics associated with energy balance. In addition to 
evidence of maternal influence on offspring phenotype in Chapter 2, a pilot study was 
previously conducted in the Schneider lab which suggests that maternal condition during 
gestation influences adult ingestive behaviors in Syrian hamsters. In this chapter I 
describe preliminary experiments to determine a methodology to further explore these 
results. 
BACKGROUND 
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Maternal effects are any aspect of the mother’s genotype or phenotype that can 
influence the offspring’s phenotype (Maestripieri and Mateo, 2009). In mammals, 
maternal condition can contribute to offspring phenotypes by influencing litter sizes and 
milk availability during lactation. In pigs, for example, food restriction of gilts results in 
reduced maternal body condition, piglet weight and growth, and reduced maternal milk 
fat percent during lactation (Amdi et al., 2013). The use of livestock to understand how 
changes in maternal condition may affect offspring growth and behavior may not be 
widely comparable since livestock have historically been bred for high body weights and 
fat stores. Rats and mice, too, gain fat stores during pregnancy under laboratory 
conditions.  
Syrian hamsters naturally lose nearly 40% of their body fat stores during gestation 
(Wade et al., 1986), and they fail to overeat to compensate for this loss (Morin and 
Fleming, 1978; Zucker et al., 1972). This makes Syrian hamsters an interesting model to 
study the effects of maternal condition on offspring growth and adult behaviors. 
However, there is one catch. Syrian hamster mothers, if they experience energetic 
challenges during pregnancy (lack of food or increased expenditure from 
thermoregulation in the cold), they compensate for their lack of energy by decreasing 
their litter sizes postnatally through active cannibalization of some pups (Day and Galef, 
1977).  
Hamsters fed ad libitum and housed with standard laboratory chow pellets inside 
of a flat-bottomed plastic cage typically cannibalize at least one pup at the time of birth. 
Despite this low level of cannibalization, when hamsters had access to large pellets inside 
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the cage, they gained more body fat. However, if hamsters are housed in wire cages with 
wire floors, and the food pellets are provided in a hopper outside the cage, they tend to 
expend energy gnawing on pellets and remain lean. Hamsters housed in the wire bottom 
cages showed more of cannibalism of offspring by postnatal day ten (PND 10). These 
hamsters had litter sizes and pup weights at birth that were not different from hamsters 
housed in flat-bottomed cages with free access to pellets (Schneider and Wade, 1989). 
Therefore, Syrian hamsters actively reduce their litter sizes postnatally to compensate for 
reduced energy availability. The surviving pups might have been affected during fetal 
development in an energetically-challenged mother, but this might be difficult to study 
due to extensive individual variation in litter size. In general, individuals from larger 
litters get less energy and attention from their mothers, whereas individuals from smaller 
litters get more energy and attention from their mothers. 
In a preliminary study by Kevin Patel, hamster mothers were mildly restricted 
during gestation to look for effects on offspring growth and adult behaviors. Female 
hamsters were restricted to pre-pregnancy levels of intake, which were provided in the 
cage lid over the final 2/3rd of gestation. In this study, birthweights were not taken, and 
all pups were maintained throughout lactation through weaning with their birth mother. 
The level of restriction used did not significantly affect litter size at weaning, but did 
produce offspring that were significantly heavier at the time of weaning. In addition, 
males but not females had increased food intake coupled with reduced food hoarding.  
Sex differences were also observed in the distribution of fat at 6 months of age. 
Only male offspring exposed to maternal restriction during gestation had a significant 
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increase in omental fat compared to controls born to unrestricted dams. Female offspring 
exposed to maternal restriction during gestation had significantly increased gonadal fat, 
unlike males. In the males, there was a significant increase in NPY-immunoreactive 
fibers in the arcuate nucleus (ARC) and paraventricular nucleus (PVN) of the 
hypothalamus, possibly accounting for the increase in intake observed. Finally, it was 
noted that among females, many more female offspring from restricted mothers (79%) 
experienced first estrous by postnatal day 36 compared control animals from ad libitum 
fed mothers (15%). These results suggest that restriction during gestation influences 
growth and metabolism, as well as reproductive development in female Syrian hamsters. 
Therefore, it is possible that maternal effects might account for variation in ingestive 
behavior and food hoarding in hamsters. These data are unpublished preliminary results, 
but were interpreted as strong enough evidence to warrant further experimentation.  
Cage size as a manipulation of food availability. 
Too much work may reduce maternal energy availability and lead to reduced litter 
sizes. Based on the results found by Kevin Patel, I conducted several additional pilot 
studies. Providing 100% of an individual’s pre-pregnancy intake in the cage lid affected 
pup growth without affecting litter size similar to Kevin’s results. In subsequent 
replicates, however, litter sizes were reduced. Reduced litter sizes could be due to 
reduced offspring survival in utero or increased cannibalism after birth. Based on this 
pilot work, it appears that the combination of restricting mothers to their pre-pregnant 
food intake by giving the food in the hopper outside the cage affects the mother’s energy 
balance and increases fetal mortality or pup cannibalism. Therefore, I evaluated several 
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different methods of restricting maternal intake during gestation to modify maternal 
condition without reducing litter sizes. 
Based on preliminary results in Syrian hamsters, I tested these hypotheses: 
1) Hoard restriction decreases both litter size and pup weight, whereas 10% food 
restriction decreases pup birth weight without affecting litter size. 
2) Cage size affects pup birth weight and litter size. 
3) Cage size and food restriction interact to affect litter size and individual pup 
weight and growth.  
The goal of this experiment was to evaluate litter size and pup weight in litters 
exposed to gestational restriction for the consistent trend of reduced pup weight at birth 
while maintaining litter sizes (n ≥ 8). I manipulated two major variables that I 
hypothesized to affect litter size and pup weights: 1) cage size, and 2) maternal diet 
during gestation.  
Specifically, I predicted that small cages with more narrow lid openings represent 
hard work that will influence energy balance in pregnant mothers enough to reduce litter 
sizes. Also, I predicted that pregnant mothers vary in their ability to access food from the 
cage lid, and thus influence how consistent the restriction treatment is. Alternatively, 
large cages with wider lid openings may not represent an adequate level of restriction to 
influence maternal energy balance during gestation. Also, I circumvented the need for 
cage lid access to food by giving a mildly restricted diet within the cage. However, 
hamsters loose fat mass during pregnancy normally so I predicted that mild restriction 
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would be sufficient to cause developmental changes in the offspring without reducing 
overall litter size at birth. I predicted that pregnant hamsters housed in large cages and 
given a slightly reduced diet within the cage would maintain litter size at birth but have 
pups that are smaller in weight at birth compared to ad libitum fed control moms. 
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METHODS 
 
In Kevin Patel’s experiment, large cages (48 × 27 × 21 cm) were used to house 
mated female hamsters during gestation and diet manipulation. The diet manipulation 
used was 100% of pre-pregnancy food intake given in the cage lid, and called ‘hoard 
restriction’. The alternative small cage (31 × 19 × 18 cm) commonly used to individually 
house hamsters have cage lid gaps that were more narrow than cage lids for large cages. 
In preliminary tests of food intake through cage lids, it was observed that some 
individuals were more restricted than others using the smaller cages since they were 
unable to acquire all the food provided in the cage lid in 24 hrs. In addition, in several 
pilot studies, the number of pups per litter was reduced compared to ad libitum controls 
when housing animals in the small cages. Therefore, I wanted to find a more consistent 
feeding regime that would result in quantifiable food restriction of the mother during 
gestation and that would not significantly reduce the litter size compared to ad libitum fed 
controls.  
Maternal manipulation: 
Nulliparous female Syrian hamsters were derived from our laboratory stock 
representing the offspring of a 3-way cross between different laboratory populations. All 
hamsters were 3-5 months of age at the time of mating, born to mothers that had ad 
libitum access to Tekland chow pellets (2016) throughout their entire lives, and 
throughout gestation for this experiment. All females were group housed for 1-2 months 
after weaning (PND 30), and then separated into individual cages between PND 60 & 90. 
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After groups were separated into individual cages, females were allowed to acclimate to 
their home cage for at least 8 days and given new bedding at least 4 days prior to mating. 
All female hamsters were monitored for 24 h food intake, estrus cycles via a lordosis test 
with an intact male, and weighed daily prior to mating. 
Cage size, as a measure of work to access pellets, was crossed with three diet 
manipulations: 1) ad libitum fed controls, 2) hoard restriction, and 3) 10% food 
restriction. Females assigned to the ad libitum (C) group were given 200% of their 
individual pre-pregnancy intake, while females assigned to the restricted group (R) were 
given 90% of their individual pre-pregnancy intake. Females assigned to Hoard 
Restriction (HR) received 100% of their pre-pregnancy intake in the hopper of the cage 
lid.  Females given 90% of its pre-pregnancy intake were given two meals daily 
approximately 12 h apart (45% of daily pre-pregnancy intake for each time point) within 
the cage. Diet manipulations occurred over the later 2/3rd of gestation to avoid negative 
effects on implantation, while still affecting the development of the growing conceptus. 
Diet treatment began on the evening of the 5th day after mating (Embryonic Day 5; E5), 
so that the 6th 24-hour period after mating was the first day of treatment, and continued 
until E15. All mated female hamsters were returned to ad libitum access to food inside 
the cage on E15 to reduce cannibalism at birth.  
Pup data: In this experiment, litters were not cross fostered on PND 01; all litters 
were handled, sexed, and weighed on PND 01, 05, and 10 to the nearest 0.1 g. Litter size 
was based on direct counts and sex ratio was determined as the proportion of male 
offspring (number of males / total number of pups).  
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Statistics: For litter size and sex ratio on PND 01 linear models were used to 
evaluate the main effects of cage size and maternal gestational diet, and their interactions. 
Test statistics were calculated using type III sums of squares for models that included the 
interaction term. If the interaction effect was not significant, then the term was excluded 
and then test statistics were calculated with type II sums of squares.  
Offspring weights were analyzed at three levels: 1) all offspring were included, 
and 2) offspring weights were averaged by sex within litter, and 3) offspring weights 
were averaged within litter, ignoring sex. Levels 1 and 2 were analyzed with linear mixed 
effects models to estimate main effects while controlling for the within litter variance by 
including ‘litter’ as a random effect. The main factors were offspring sex, cage size, and 
maternal gestational diet. I first tested for the effect of ‘sex’ alone using type III sums of 
squares and an F-test, and then included sex in subsequent models only if there was a 
significant effect. Sex by cage, sex by diet, and sex by cage by diet interactions were not 
included; sex alone was included to control for its effect on cage size and maternal diet 
effects. Test statistics for cage size, gestational diet, and their interaction effects were 
calculated using type III sums of squares, and if the interaction was not significant it was 
excluded and test statistics were calculated with type II sums of squares. Significant 
effects were determined using a deviance table with Wald F tests and Kennard-Roger 
degrees of freedom estimates. Effects are considered significant at α < 0.05.  
When a significant main effect or an interaction was observed, I used the lsmeans 
and lmerTest packages to calculate marginal mean differences [95% CI] between groups 
and evaluate post-hoc mean differences with a Tukey HSD adjustment to p-values (𝑝𝑎𝑑𝑗) 
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(Kuznetsova et al., 2015; Lenth, 2016). The marginal mean differences of a main effect 
are only reported if the interaction between gestational diet treatments was not 
significant.  
There is not an ‘effect size’ equivalent for linear mixed model outputs, despite the 
ability to conform the results to an ANOVA table structure with F and p-values (Bates et 
al., 2014). Therefore, I confirmed the presence of main effects and interactions by 
analyzing offspring average weights ignoring sex (level 3) using regular 2-way 
ANOVAs. The effect size (𝜂𝑝
2 [95% 𝐶𝐼]) of significant treatments from linear models are 
calculated as the sum of squares of the effect (𝑆𝑆𝐸𝑓𝑓𝑒𝑐𝑡) divided by the sums of squares of 
the residuals (𝑆𝑆𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙), and presented with 95% confidence intervals calculated in the 
MBESS package (Kelley, 2007a, b, 2016) in R (R Development Core Team, 2016).  
The sex ratio of litters was evaluated by calculating the proportion of males in 
each litter, and then tested for group differences using a general linear model with the 
binomial (link = "logit") function.  
The group level differences in cannibalism were evaluated using the within litter 
number of offspring cannibalized between time points PND 01 and PND 05 (Figure 1.B.) 
using a general linear model with the Poisson (link = “log”) function. 
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RESULTS 
 
Litter Size on PND 01:  
All 26 dams gave birth to offspring, and litters on PND 01 had an average of 9.92 
(SD: 3.02) offspring per litter (Figure 3.1A). Among litters, there was no significant 
interaction between cage size and maternal gestational diet (𝐹2,20 = 1.07,  𝑝 > 0.36). 
Excluding the interaction term, there is no significant effect of cage size (𝐹2,22 =
4.22,  𝑝 > 0.051,  𝜂𝑝
2 = 0.16 [0.02,  0.44]), but a significant effect of maternal gestational 
diet (𝐹2,22 = 5.10,  𝑝 < 0.015,  𝜂𝑝
2 = 0.32 [0.04,  0.48]). Litters from dams exposed to 
hoard restriction had 3.96 [0.78, 7.13] fewer pups compared to litters from ad libitum fed 
mothers on PND 01 (𝑝𝑎𝑑𝑗 < 0.013); there were no other significant post-hoc group 
differences in litter size. Although the effect of cage size was not statistically significant, 
litters born to mothers housed in large cages had 1.62 [-0.50, 3.73] more pups per litter 
than litters born to mothers housed in small cages (𝑝𝑎𝑑𝑗 < 0.13). 
Sex ratio on PND 01:  
The overall average proportion of males within litters was 0.46 (± SD: 0.15). 
There was no interaction between cage size and diet (𝐹2,20 = 0.09,  𝑝 < 0.92), and when 
the non-significant interaction term was excluded from the analysis the proportion of 
males among litters was not influenced by either cage size (𝐹1,22 = 2.77,  𝑝 < 0.11) or 
maternal diet (𝐹2,22 = 2.27,  𝑝 < 0.13).  
Pup weights on PND 01: 
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A total of 258 offspring were weighed on PND 01 (mean ± SD: 2.85 ± 0.39 g). 
Within litters, male offspring weighed 0.09 g [0.02 g, 0.15 g] more than female offspring 
(𝐹1,233.5 = 6.89, 𝑝 < 0.009). When controlling for this sex difference, there was no 
significant interaction between cage size and maternal gestational diet (𝐹2,19.9 =
0.03,  𝑝 < 0.96). When the interaction term was excluded, there was no significant main 
effect of cage (𝐹1,21.9 = 1.16, 𝑝 > 0.29), but there was a significant effect of maternal 
gestational diet (𝐹2,21.9 = 8.58,  𝑝 < 0.0018) (Figure 3.1B). Offspring born to ad libitum-
fed mothers were 0.52 g [0.26 g, 0.78 g] heavier than offspring from hoard restricted 
mothers (𝑝𝑎𝑑𝑗 < 0.0005), and 0.34 g [0.08 g, 0.60 g] heavier than offspring from 10% 
restricted mothers (𝑝𝑎𝑑𝑗 < 0.014).  
When offspring weight was averaged within litter by sex, the litter average 
offspring weight on PND 01 was similar to the among individual average (mean ± SD: 
2.8 ± 0.33).  Controlling for sex differences, there was no significant interaction between 
cage and diet treatments on offspring weight (𝐹2,20 = 0.012,  𝑝 < 0.98). When the 
interaction was excluded, there was no significant effect of cage size on offspring weight 
(𝐹1,22 = 1.10,  𝑝 < 0.30), but there was a significant effect of maternal gestational diet on 
offspring weight (𝐹2,22 = 8.58,  𝑝 < 0.002).  Average offspring weights in ad libitum-fed 
mothers were 0.53 g [0.26 g, 0.80 g] heavier than average offspring weight from hoard 
restricted mothers (𝑝𝑎𝑑𝑗 < 0.0005), and 0.33 g [0.07 g, 0.60 g] heavier than average 
offspring weights from 10% restricted mothers (𝑝𝑎𝑑𝑗 <  0.017).  
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When offspring weight was averaged within litter, ignoring sex, litter average 
offspring weight was 2.79 (SD ± 0.33). There was no significant interaction between cage 
size and maternal diet. When the interaction was excluded there was no significant effect 
of cage, but a significant effect of diet on offspring weight (𝐹2,22 = 8.71,  𝑝 <
0.002,  𝜂𝑝
2 = 0.44 [0.13,  0.58]) 
Cannibalization between PND 01 and PND 05: 
Only 5 mothers cannibalized offspring between PND 01 and PND 05. Among the 
five litters 2.2 (SD: ± 1.3) offspring per litter were cannibalized. Overall, there was an 
average of 0.42 (SD: ± 1.03) pups cannibalized per litter between PND 01 and PND 05 
(Figure 3.1C). Among litters, there was no interaction between cage size and maternal 
gestational diet (𝐹2,20 = 1.03,  𝑝 < 0.38). Excluding the interaction term, there was no 
significant effect of maternal gestational diet (𝐹2,22 = 0.50,  𝑝 < 0.62), and no significant 
effect of cage size (𝐹2,22 = 3.12,  𝑝 < 0.09,  𝜂𝑝
2 = 0.12 [0,  0.39]) on cannibalism. 
Although the cage size difference was not significant, there were 0.54 [ -0.31, 1.38] more 
offspring cannibalized per litter by mothers housed in small compared to large cages 
(𝑝𝑎𝑑𝑗 < 0.13).  
Three mothers cannibalized a single pup each between PND 05 and PND 10 (data 
not shown). There was no significant interaction between cage and diet. When the 
interaction term was excluded there was no significant effect of diet, but there was a 
significant effect of cage (𝐹1,22 = 9.49,  𝑝 < 0.005,  𝜂𝑝
2 = 0.30 [0.0001,  0.35]). All three 
mothers that cannibalized offspring were housed in large cages, and one mother from 
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each diet treatment cannibalized one offspring. Between PND 05 and 10, mothers housed 
in large cages cannibalized 0.23 (95% CI: -0.03, 0.49) pups more than mothers housed in 
small cages regardless of diet treatment.  
Pup Weights (PND 05 - PND 30). 
On PND 05, 248 offspring were weighed (mean ± SD: 5.55 ± 0.65 g) from all 26 
litters (Figure 3.2A). There was no evidence of a significant sex difference within litters 
(𝐹1,223 = 0.86,  𝑝 < 0.35). There was no significant interaction between cage size and 
maternal gestational diet (𝐹2,19.9 = 0.81,  𝑝 < 0.45), and no significant effects of cage 
size (𝐹1,22 = 0.83,  𝑝 < 0.37) or maternal gestational diet (𝐹2,21.9 = 1.12,  𝑝 < 0.34) 
when the interaction term was excluded. When litter average offspring weights were 
analyzed, including sex as a random factor, there were also no significant main effects or 
an interaction. 
 On PND 10, 244 offspring were weighed (mean ± SD: 10.37 ± 0.08 g) from all 
26 litters (Figure 3.3B). There was no evidence of a significant sex difference within 
litters (𝐹1,219.5 = 0.09,  𝑝 < 0.76). There was no significant interaction between cage size 
and maternal gestational diet (𝐹2,19.9 = 1.57,  𝑝 < 0.23), and no significant effects of 
cage size (𝐹1,21.9 = 0.80,  𝑝 < 0.38) or maternal gestational diet (𝐹2,21.9 = 0.42,  𝑝 <
0.65) when the interaction term was excluded. When litter average offspring weights 
were analyzed, including sex as a random factor, there were also no significant main 
effects or an interaction. 
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On PND 30, 242 offspring were weighed (mean ± SD: 61.4 g ± 10.69 g) from all 
26 litters (Figure 3.2C). The effect of offspring sex on body weight was evaluated on 151 
offspring (60.7 g ± 10.92 g) because the sex of 91 individuals was not recorded. There 
was not a significant overall effect of sex (𝐹1,134.9 = 0.63,  𝑝 < 0.42). Among all 
offspring, there was no significant interaction between cage size and maternal gestational 
diet (𝐹2,19.9 = 0.1,  𝑝 < 0.9). When the interaction term was excluded there was no 
significant effect of maternal gestational diet (𝐹2,21.9 = 0.29,  𝑝 < 0.74), but there was a 
significant effect of cage size (𝐹1,21.9 = 13.76,  𝑝 < 0.002). Offspring from litters housed 
in small cages weighed 11.2 g [4.95 g, 17.49 g] heavier than offspring from litters housed 
in large cages.   
When offspring weight was averaged within litters on PND 30 (ignoring sex), 
there was no significant interaction between cage size and maternal gestational diet 
(𝐹2,20 = 0.11,  𝑝 < 0.90). When the interaction term was excluded and there was no 
significant effect maternal gestational diet (𝐹2,22 = 0.32,  𝑝 < 0.73), and there was a 
significant effect of cage size (𝐹1,22 = 14.21,  𝑝 < 0.002, 𝜂𝑝
2 = 0.39 [0.12,  0.55]). 
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FIGURES 
Figure 3.1 – Mean ± standard error of the means for litter sizes on PND 01 (A), pup 
weights on PND 01(B), and number of pups cannibalized between PND 01 and PND 05 
(C). Sample size, the number of litters per group, are shown above bars in (A). All data is 
from litters born to dams that were housed in either small cages (black bars) or large 
cages (open bars), and given one of three diet treatments during the final 2/3rd of 
gestation: 1) “Ad libitum” received 200% of pre-pregnancy intake within the cage, 2) 
“Hoard Rest.” received 100% of pre-pregnancy intake in the cage lid, and 3) “10% Rest.” 
received 90% of pre-pregnancy intake within the cage.  
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Figure 3.2 – Mean ± standard error for offspring weights on postnatal (PND) 5 (A), PND 
10 (B), and PND 30 (C) in Syrian hamsters raised in either small cages (black bars) or 
large cages (open bars) by mothers given one of three diet treatments during the final 
2/3rd of gestation: 1) “Ad libitum” received 200% of pre-pregnancy intake within the 
cage, 2) “Hoard Rest.” received 100% of pre-pregnancy intake in the cage lid, and 3) 
“10% Rest.” received 90% of pre-pregnancy intake within the cage. A lack of significant 
differences between diet groups in particular is evidence for catch-up growth. There is a 
main effect of cage size on PND 30 (P < 0.05), but individual groups are not significantly 
different.   
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DISCUSSION 
 
The goal of this experiment was to provide evidence for a choice of hamster cage 
size and gestational diet combination that will not reduce litter size, but result in pups that 
are smaller at birth compared to pups from ad libitum fed mothers, and result in catch-up 
growth. My hypothesis that hoard restriction decreases both litter size and pup weight, 
whereas 10% food restriction decreases pup birth weight without affecting litter size was 
generally supported (Figure 3A, B). The hypothesis that cage size would affect litter size 
and/or pup birth weight was also supported, but not as expected. For the most part, the 
effects of restriction did not differ according to the size of the cage. Offspring in the 
smaller cages gained more body weight than those in the larger cages, even in the ad 
libitum condition. 
Overall hamster litter size at birth was not significantly affected by cage size, but 
was affected gestational diet. Litter size was reduced by both hoard and 10% restriction. 
Among litters exposed to 10% food restriction, litters housed in large cages retained more 
pups on PND 01 than litters in small cages. This difference was not statistically 
significant, but sample sizes were low and further tests are necessary to confirm the 
result. Offspring weights on PND 01 were influenced by maternal gestational restriction, 
but there was no difference in weights between the two restriction groups. It is clear that 
gestational restriction in these litters resulted in an overall drop in offspring weight and 
litter sizes, but it appears that this effect was not directly influenced by cage size.  
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Litter size reductions were likely due to cannibalism. We did not observe 
cannibalization directly, but no dead pups were found on PND 05 or PND 10. Also, we 
did not disturb mothers on the day of birth to count actual numbers of pups born, and we 
did not confirm the number of fetuses carried by each mother postmortem through 
placental scar counts. Hamster mothers will eat pups that have died, however there is 
direct evidence that hamster mothers actively cannibalize live offspring (Day and Galef, 
1977; Labov et al., 1986). The small amount of litter reduction observed between PND 
01 and PND 05 was almost entirely in litters housed in small cages. These litters already 
had non-significantly smaller numbers of pups compared to litters housed in large cages, 
so small amounts of litter reduction between PND 01 and PND 05 could be substantial in 
a larger experiment. This point is especially important given that future experiments 
would include cross-fostering. If litter sizes are reduced, and there is potential for 
increased cannibalism, then cross-fostered litters housed in small cages may result in 
drastically reduced litter sizes overall.  
Pup weight at several postnatal time points was evaluated, and in the short term 
suggests a pattern of catch-up growth. On PND 01, pups in ad libitum-fed litters were 
heavier than restricted litters. This difference was non-existent as early as PND 05 and 
continued to PND 10. However, by PND 30, all pups from litters in small cages 
compared to litters in large cages were significantly heavier. This pattern suggests that 
maternal programming could have occurred, where the mechanisms that control food 
intake and body weight homeostasis may have been altered during development 
(Langley-Evans, 2009). No data was collected on these pups except for body weights and 
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sex, so adult ingestive behaviors and body condition are not known. However, this effect 
may also indicate a pattern of chronic long-term stress due to the cramped nature of 
housing whole litters in small cages (Meisel et al., 1990).  
I found support for my hypothesis that direct diet manipulation reduces pup 
weight at birth without reducing litter size. I did not find direct support for my hypothesis 
that cage size would reduce litter size, but I did find a trend that suggests that small cages 
can reduce pup weight and litter size, just not significantly in this data set. Although I had 
low sample sizes, in terms of the numbers of litters per group, the incorporation of all 
offspring data into linear mixed models provides a strong inference approach to 
evaluating my hypotheses. Based on this data I used large cages with 10% food 
restriction to manipulate hamster maternal condition during gestation to evaluate pup 
growth and adult ingestive behaviors. Using 10% food restriction is easily repeatable, 
whereas hoard restriction may result in unknown levels of restriction (although in this 
pilot study the variance was not larger in any measure). Also, housing litters in large 
cages appears to recover some liter size loss compared to small cages.  
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CHAPTER 4 
 
FOSTER DAM GESTATIONAL RESTRICTION AFFECTS GROWTH AND 
ADULT BEHAVIORS OF FOSTER OFFSPRING GESTATED BY AD LIBITUM 
FED MOTHERS. 
 
INTRODUCTION 
 
 In Chapter 2, I presented the heritability estimates of ingestive behaviors (food 
intake and food hoarding) and body weight. The estimates suggested that maternal 
phenotype contributes to variance in offspring phenotypic variability in ingestive 
behaviors and body weight. The heritability estimate for food hoarding was low, but 
statistically different from zero, suggesting that additive genetic variance contributes to 
the overall variability observed among laboratory raised hamsters. These results were 
used to determine the feasibility of future experiments using artificial selection to 
partition variability in hoarding behavior into low and high hoarding lines. The low 
heritability observed in hoarding behavior, coupled with the imbalance between maternal 
and paternal contributions suggests that. Given the high cost in time, space, and money 
needed to create these selected lines, I abandoned this line of research and instead ran the 
pilot experiments described in Chapter 3 to study environmental effects on food 
hoarding. Specifically, I decided to examine the effects of prenatal and postnatal 
energetic challenges on adult morphology and behavior. In the experiments described in 
Chapter 3, I tested the hypothesis that Syrian hamsters are extremely susceptible to the 
effects of gestational food restriction. My hypothesis was supported, i.e., I showed that 
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only 10% food restriction lead to significant decreases in the pup weight on the day of 
birth (compared to the typical 50% maternal food restriction used to decreased birth 
weight in studies of maternal programming of body weight in rats and mice). I tried 
various gestational restriction regimens to determine whether there was a level of 
maternal food restriction that would affect offspring morphology and behavior without 
causing cannibalism of the entire litter. Based on the pilot experiments described in 
Chapter 3, I designed the experiments in this chapter.      
 
BACKGROUND 
 
 During the devastating famine that resulted from the German occupation of 
Holland in World War II (known as the Dutch “Hunger winter”), mothers who 
experienced starvation during pregnancy gave birth to sons who grew up and were 
drafted into the military. Military physicians therefore recorded a striking phenomenon. 
There was a significantly higher incidence of adult obesity in soldiers whose mothers 
gave birth during or just after the Dutch Hunger winter compared to those of other 
generations or in geographic areas in which starvation had not occurred (Ravelli et al., 
1976). Inspired by this study, and using laboratory rats as a model system, Jones et al., 
(1982, 1983) tested the hypothesis that maternal food restriction programs offspring 
obesity. They food restricted mother rats during the first half of gestations, and found that 
male, but not female offspring of food-restricted mothers were hyperphagic (they 
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overate), gained body weight, and became obese as adults. The offspring of food 
restricted mothers were not born with a body weight lower than that of the offspring of 
unrestricted mothers. Offspring obesity was exaggerated in males fed a calorically dense 
diet, and diet-induced obesity occurred without increased caloric intake. The offspring of 
food-restricted mothers did not increase their caloric intake when fed the high-calorie 
diet, but increased their body weight and fat levels to a much greater degree than the 
offspring of the unrestricted mothers, suggesting that their mothers’ food restriction 
resulted in decreased energy expenditure and increased lipogenesis that gave them the 
ability to become fatter without ingesting more calories.  Subsequently, other physicians 
and scientists noted effects of 1) adolescent nutrition on adult health, 2) maternal 
undernutrition on offspring health, and even 3) grandparents’ nutrition with 
transgenerational effects on their grandchildren’s adult health (Barker, 1997; Forsdahl, 
1978; Lumey and Stein, 1997). Most of these latter studies concerned cardiovascular 
health and diabetes, but they set the stage for examination of maternal programming of 
body weight and adiposity. It has been documented repeatedly that aspects of adult 
energy metabolism are profoundly influenced by the experiences of the mother, including 
her diet, exercise requirements, ambient temperature, and many other environmental 
stressors. In rats, mice, and sheep, prenatal calorie or protein restriction leads to rapid 
growth and body fat deposition, followed by adult obesity (Armitage et al., 2004; Bol et 
al., 2009; de Oliveira et al., 2012; Holemans et al., 2003; McMillen et al., 2005; Ross and 
Desai, 2005; Symonds et al., 2004; Vickers et al., 2003a). Prenatal undernutrition in 
pregnant women often leads to low birth weight newborns. If these babies are allowed to 
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eat as much as they want, they typically gain weight rapidly during lactation. Catch-up 
growth is exaggerated in formula-fed compared to breast-fed babies, and both groups 
from undernourished mothers are prone to develop metabolic syndrome, insulin 
resistance, cardiovascular disease, and obesity as adults (Desai et al., 2007; Desai et al., 
2005; Eriksson et al., 1999). 
 From the initial studies of Jones and Friedman in rodents, and the subsequent 
work by the physician, David Barker, it has become obvious that the environment in 
which we develop has lasting effects on our health and disease susceptibility. Among 
adults and children, obesity is a growing problem without easy answers, no cures, and a 
growing number of potential causes. Type II diabetes and metabolic syndrome are two 
major noncommunicable diseases that either precede or co-occur with obesity. These 
diseases, as a well as coronary heart disease, are often associated with nutrition and 
growth in early life (Plagemann, 2005; Tarry-Adkins and Ozanne). There is a long and 
growing list of studies on the negative effects of low birthweight, and the resulting 
susceptibility to diseases as adults. Low birth weight can be linked to a number of 
different environmental factors, but is often simulated in model systems through altering 
maternal condition through food or protein restriction of mother mice or rats. Studies of 
food restriction during gestation in animal models might shed light on modern health 
issues and clinical practice.  
Maternal condition during gestation can alter adult ingestive behaviors and energy 
metabolism in adult offspring. Maternal food and protein restriction during gestation, 
lactation, or both can result in altered growth and physiology in the offspring. The 
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alterations that happen during early development have been implicated in altered adult 
ingestive behavior. Specifically, rodent offspring from nutritionally-challenged mothers 
have a tendency to overeat, especially when given access to high calorie diets (Vickers et 
al., 2000). Overeating may suggest that appetite is programmed by maternal condition 
during gestation or lactation (Breier et al., 2001; McMillen et al., 2005; Vickers et al., 
2003b), however, overeating itself is not a direct indication that food appetite is affected. 
As outlined in the General Introduction, food hoarding is an important aspect of ingestive 
behavior, even in humans, most likely because the mechanisms that control energy 
balance evolved in environments where energy availability fluctuated or was 
unpredictable. There is little research on the effects of maternal restriction on the 
underlying motivation to eat or the anticipatory aspects of ingestive behavior, such as 
food hoarding. Therefore, I will evaluate whether maternal restriction during gestation 
directly affects food appetite through a comparison between food intake and food 
hoarding in adult offspring. 
The literature on gestational programming may be biased because many studies 
take a translational approach by mimicking aspects of the environment (e.g., food 
restriction, protein restriction, dietary fat restriction, increased exercise, increased stress) 
to induce intrauterine growth restriction (IUGR), which can result in offspring that are 
small for gestational age (SGA). However, offspring of food restricted mothers do not 
always differ from those of ad libitum-fed mothers in body weight on the day of birth 
(Jones and Friedman, 1982; Jones and Friedman, 1983).  
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Also, many studies to not include offspring of both sexes. It is male, and not 
female offspring of food-restricted mothers that are hyperphagic (they overeat), gain 
body weight, and become obese as adults (Jones and Friedman, 1982; Jones and 
Friedman, 1983). Sex differences in response to metabolic challenges are an important 
topic in behavioral endocrinology in general and in obesity research in particular, because 
males and females differ in energy balancing traits and these differences provide clues to 
underlying physiological mechanisms. These mechanisms, in turn might be involved in 
the increased risk for eating disorders and obesity in women. Thus, another focus of my 
study is sex differences in response to maternal food restriction. 
Prenatal nutrient and/or calorie restriction are the treatments of choice for 
research on gestational programming of offspring adult disease, and yet 
nutritional/caloric challenges can have wide ranging metabolic and physiological effects 
on the mother (Bispham et al., 2003). These changes may have lasting effects on 
offspring development by affecting lactation abilities and maternal care of their offspring 
(Dwyer et al., 2003; Wiener et al., 1977). The effects of gestational restriction on 
postpartum maternal abilities are understudied compared to the effects of stress on 
maternal care (Champagne, 2008).  
  Syrian hamsters provide an excellent model system to explore these hypotheses 
since they, like some human mothers, do not gain body fat during pregnancy. To the 
contrary, most hamster mothers lose fat mass naturally during pregnancy instead of 
gaining fat mass through pregnancy to fuel lactation (Wade et al., 1986). Syrian hamsters 
naturally go into lactation at an energy deficit, which is a different strategy from rats 
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(Fleming, 1976a, b) and mice (Millar, 1975, 1978) , and may be more similar to a 
human’s natural state compared to the traditional rodent models. 
Hypotheses for Experiments in Chapter 4. 
 The above considerations lead to the following hypotheses: 
(1) Maternal food restriction during gestation creates permanent changes in the offspring 
brain that predisposes the offspring of food-restricted mothers to overeating and body 
weight gain and low level of food hoarding compared to offspring of ad libitum-fed 
mothers. This was suggested by a pilot study conducted by Kevin Patel in the Schneider 
laboratory. 
(2) Maternal food restriction during gestation creates permanent changes in the offspring 
brain that predisposes the adult offspring of food-restricted mothers to respond differently 
to a period of food deprivation as adults compared to offspring from ad libitum-fed 
mothers. Offspring of food-restricted mothers are predisposed toward food deprivation-
induced overeating rather than food deprivation-induced over-hoarding. 
(3) The effects of gestational restriction on offspring are greater in male compared to 
female offspring, as shown in a pilot study and according to the results of Jones and 
Friedman (1984) in rats. 
(4) If gestational food restriction alters lactational ability and/or maternal care, pups 
gestated by and reared by ad libitum-fed mothers are predisposed toward different growth 
rates and behavior compared to pups gestated by food-restricted mothers and then 
fostered to ad libitum-fed mothers.  
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 To test my hypotheses, I used a full-factorial cross-fostering design to control for 
the potential lasting effects that restriction during gestation may have on the mother, and 
to isolate the gestational insult from potential effects of insult during lactation. The use of 
a full factorial design includes the two extreme conditions: unrestricted offspring fostered 
to unrestricted mothers and restricted offspring fostered to restricted mothers. The group 
equivalent to previous work, where restricted offspring are fostered to previously 
unrestricted mothers (Karadag et al., 2009; Vickers et al., 2000) is included, as a group 
where previously unrestricted offspring are fostered to dams that were previously 
restricted. In this way, I can test the main hypothesis that gestational restriction of the 
mother results in significant changes in weight, growth, and adult behavior while 
controlling for the effects of cross-fostering and the carry-over effects that restriction 
during gestation can have on the mother’s ability to adequately provide for her offspring 
during lactation.  
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METHODS 
 
Maternal Manipulation. 
Nulliparous Female Syrian hamsters were bred and raised in our laboratory on 
normal chow diet (Harlan 2016) to 3-5 months of age. All females were group housed for 
1-2 months after weaning. Prior to mating, all females were monitored for 24-h food 
intake for at least 4 consecutive days and their estrus cycles were established using an 
intact male and observation of lordosis. Females were placed into groups using pre-
mating 4-day average weights. Diet treatment during gestation began on Embryonic Day 
05; the day of mating is considered embryonic day zero. Females assigned to the ad 
libitum (C) group were given 200% of their own pre-pregnancy 4-day average intake, 
while females assigned to the restricted group (R) were given 90%, of their own pre-
mating 4-day average intake. Daily weights and 24-h intake were monitored until E15 of 
the 16 d gestation. On E15, all mated females were returned to ad libitum intake, and 
given access to pellets within the cage and in the cage lid. All animals had ad libitum 
access to water throughout the entire experiment.  
Pup Data (PND 01 – PND 30). 
All pups were weighed and sexed on PND 01, and then all litters were cross-
fostered. Litters from each gestational diet treatment group were cross-fostered to a dam 
that was previously either ad libitum fed or food restricted during gestation to get 4 total 
treatment groups: 1) gestationally ad libitum fostered to gestationally ad libitum (C:C), 2) 
gestationally ad libitum fostered to gestationally restricted (C:R), 3) gestationally 
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restricted fostered to gestationally ad libitum (R:C), and 4) gestationally restricted 
fostered to gestationally restricted (R:R). Diet treatment was only imposed on the 
mothers during the latter 2/3rd of gestation; foster dams were not restricted beyond the 
day of parturition. I chose this design to control for the variability in maternal condition 
post parturition that our diet manipulation may impose upon the mothers during lactation. 
Pregnancy is very energetically challenging in Syrian hamsters; pregnant hamsters lose 
up to 30% of their fat stores during pregnancy compared to non-pregnant control females 
that did not differ significantly in pre-pregnancy body weight (Wade et al??). I chose 
foster dams by matching weights with birth dams where possible, and attempted to 
balance the number of each of the treatments when determining foster dams.  
Female puberty checks. 
 To estimate the start of puberty in female Syrian hamsters, I used the method of 
(Donham et al., 1986), where the onset of puberty is set as the first of three consistent 
cycles. Cycles are estimated using vaginal discharge as in Orsini (1969); a thick, white, 
very stringy, pungent discharge is observed on the postovulatory day of the cycle. So, the 
post-natal day assigned to puberty is the day before the first of three consistent 4-day 
periods that start with stringy white discharge. All female hamster pups were monitored 
for vaginal discharge from PND 25 to PND 45, when all pups were observed to have had 
three consecutive 4-day cycles. Puberty in male Syrian hamsters was not evaluated in this 
experiment.  
Adult Pup Behaviors and body weights. 
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On PND 30, all pups were weaned into within-litter single sex groups of 2-3 
hamsters per group. Animals remained group housed until ~ PND 65 when females 
became aggressive to litter mates. When fighting was observed among females of a 
group, all the animals of the corresponding litter were separated into individual cages 
(size) with ad libitum access to food and water until adult behavior testing (~197 days 
old). 
Prior to behavioral monitoring of ingestive behaviors, I acclimated hamsters to 
clean, small cages that have short (~9 in) Habitrail® tubing connected to a hole in the 
cage side for 8 days. Acclimation in this way appears to facilitate hamsters’ willingness 
to explore the tubing during time-limited hoard tests. Hamsters were often observed 
digging and chewing inside of the tubes. Also, all animals are given clean bedding (~250 
g; 1 level scoop) 4 days prior to the start of baseline testing. All females are monitored 
for 4-day estrus cycles prior to baseline testing. 
Ingestive behaviors were quantified using a hoarding apparatus that included a 
simulated burrow (the home cage that the hamsters are acclimated to), a food source that 
is located up and away from their home cage, and separation of home and their food 
source by ~1.5 m of Habitrail™ tubing connecting the two chambers. Wild hamsters have 
to climb up and out of their burrows to forage, so this setup mimics aspects of a natural 
hoarding situation. Wild hamsters are active outside of their burrow for ~ 90 min a day at 
dawn and dusk, while laboratory hamsters are active for the same amount of time but 
around the time of lights out (Gatterman et al 1999). So, I gave hamsters access to the 
tubes and food saucer for 90 min staring at lights out of a 14:10 light:dark cycle that 
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simulates long summer days to gather ingestive behavior when the hamsters are naturally 
most active and foraging. 
Ingestive behaviors were monitored in adult pups starting over 14 days, starting 
when animals were 197 (± SD: 2.4) days old. In short, food intake and food hoarding 
were monitored while allowing hamsters unrestricted access to food for 90-min daily for 
6 days. Based on individual 24-h intake estimates, I then subjected all hamsters to 25% 
food restriction by giving each hamster a pre-weighed pellet twice daily approximately 
12 h apart. Food restriction lasted a total of 8 days. Body weights and daily intake 
(individuals may fail to eat all of the allotted pellet) were monitored during the first four 
days of restriction, but hoarding was not. Over the final four days of restriction, food 
intake and hoarding was monitored during 90-min time limited trials, in addition to body 
weight and overnight intake.  
In addition to estimating food intake and food hoarding during baseline and under 
restriction, I also calculated the intake and hoard ratios to represent the relative change in 
amount of food eaten or hoarded in response to restriction. The ratio of (behavior after 
restriction - behavior during baseline) / (behavior during baseline) was used to estimate 
the response to restriction.  For both food intake and hoarding during 90-min trials, two 
measures of behavioral change were used: 1) the 4-day average of the final 4 days of 
restriction, and 2) the intake or hoarding observed on day 8, the final day of restriction, 
only. To avoid division by zero each intake and baseline average, and day 8 estimates, 
were linear transformed by adding 1 prior to calculating ratios. 
Adult offspring body components after behavior testing. 
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On the 9th day after the start of food restriction, all adult pups were euthanized. 
Adult offspring were either decapitated or perfused following 8 days of restriction and 
behavior testing. Body weight of all animals were taken prior to euthanasia. Offspring 
were selected at random for either decapitation or perfusion. One male and one female 
were decapitated from each litter (if available), and the remaining individuals were 
perfused. For decapitated individuals, I dissected 3 white adipose tissue (WAT) pads. 
Visceral WAT, including omental WAT and the associated mesentery was separated 
from the gastrointestinal (GI) tract, and then the GI tract was removed. The left 
parametrial WAT pad was dissected from the caudal tip of the left kidney to the cervical 
area of the left uterine horn in females. In males, the left epididymal WAT was dissected 
from the left testis. Finally, the left femoral subcu WAT was transected medially at a 90-
deg angle to the left femur, and the caudal portion lying on the medial thigh and 
wrapping around the patellar area to the lateral thigh was dissected. When all WAT pads 
were removed from an individual, they were weighed to the nearest 0.001 g.  
For analysis of WAT and final body weight data, the potential effect of fate was 
tested first, followed by the tests for sex, maternal or foster dam gestational diet 
treatment, and interactions. To correct for the potential overall differences among 
individuals in carcass fat mass, the percent of total dissected mass attributed to each of 
the three depots was calculated [ (Pad Weight / Total dissected WAT weight)*100 ] and 
analyzed.  
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Statistics 
For offspring body weight at 4 postnatal time points, as well as adult body weight 
and ingestive behaviors, data was analyzed in R (R Development Core Team, 2016). I 
used linear mixed effects models to estimate main effects while controlling for the within 
litter variance by including ‘litter’ as a random effect using all offspring in the data set. 
The main factors I am interested in are pup sex, maternal gestational diet, and foster dam 
gestational diet. I first tested for the effect of ‘sex’ alone using type III sums of squares 
and an F-test, and then included sex in subsequent models only if there was a significant 
effect. [In some analyses, the effect of sex nested in litter is reported as a Wald type II 
Chi square test of significance. The p-values from a Wald F and Chi square tests are not 
qualitatively different.] Gestational diet main effects and their interaction were tested for 
using type III sums of squares. If the interaction was not significant, it was excluded from 
a subsequent model that was run with type II sums of squares. Significant effects were 
determined using a deviance table with Wald F tests and Kennard-Roger degrees of 
freedom estimates. Effects are considered significant at α < 0.05. When a significant 
main effect or an interaction was observed, I used the lsmeans and lmerTest packages to 
calculate marginal mean differences between groups, the 95% confidence intervals of 
mean differences, and evaluate post-hoc mean differences with a Tukey HSD adjustment 
to p-values (Kuznetsova et al., 2015; Lenth, 2016). The marginal mean differences of a 
main effect are only reported if the interaction between gestational diet treatments was 
not significant.  
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There is not an ‘effect size’ equivalent for linear mixed model outputs, despite the 
ability to conform the results to an ANOVA table structure with F and p-values (Bates et 
al., 2014). Therefore, I confirmed the presence of main effects and interactions by 
calculating the litter mean values of each characteristic. Litter mean values were analyzed 
using regular ANOVAs with linear models without the within-litter random effect. In 
these experiments the sampling unit is the litter and not the individual offspring. 
Controlling for within litter variance as a random effect should be a sufficient approach, 
however I observed that overall variance changes drastically if litter means are used in 
analyses. Therefore, I attempted to confirm results of analyses on all pups, especially 
when the numbers of litters represented is low. Consequently, this methodology of 
confirming linear mixed model results with traditional linear models allows for the 
calculation of traditional effect sizes. The effect size (𝜂𝑝
2) of significant treatments from 
linear models are calculated as the sum of squares of the effect (𝑆𝑆𝐸𝑓𝑓𝑒𝑐𝑡) divided by the 
sums of squares of the residuals (𝑆𝑆𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙), and presented with 95% confidence 
intervals calculated in the MBESS package (Kelley, 2007a, b, 2016) in R (R 
Development Core Team, 2016).  
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RESULTS 
 
Maternal Weights  
 A total of 66 female hamsters were monitored for pre-pregnancy intake and body 
weights and then mated. Of these, 24 dams gave birth to litters and did not cannibalize all 
of their foster pups by PND 05. Among these 24 females, 12 were restricted during 
gestation and 12 were ad libitum-fed. These 24 female hamsters weighed 133.62 g (SD: ± 
10.71 g) prior to pregnancy, 165.17 g (SD: ± 13.85 g) on embryonic day 15 (E15), and 
gained 31.55 g (SD: ± 8.45 g) over pregnancy. There was no significant effect of 
gestational diet on body weight prior to mating (𝐹1,22 = 0.11,  𝑝 > 0.74) (Figure 4.1A), 
body weight on E15 (𝐹1,22 = 0.22 𝑝 > 0.64) (Figure 4.1B), and or weight gain during 
pregnancy (𝐹1,22 = 0.12,  𝑝 > 0.73) (Figure 4.1C). All 24 females were either ad libitum-
fed or food restricted during gestation, and then each received foster litters on PND 01, 
resulting in four treatment groups of offspring: ad libitum-fed to ad libitum-fed (C:C), ad 
libitum-fed to restricted (C:R), restricted to restricted (R:R), and restricted to ad libitum-
fed (R:C).  
On postnatal day 1, dams weighed 133.64 g (SD: ± 12.58) on average, gaining 
only 0.035 g [95% CI: -3.97 g, 4.04 g] overall, a non-significant difference (𝑡22 =
0.018,  𝑝 = 0.99). Although they did not gain weight, gestational restriction had a 
significant effect on body weight change between pre-pregnancy and postnatal day 1 
(𝐹1,21 = 5.06,  𝑝 < 0.04,  𝜂𝑝
2 = 0.19). Dams that were restricted during gestaiton were 
7.99 g [0.61 g, 15.38 g] lighter than unrestricted dams (Figure 4.1D). Unrestricted dams 
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gained 3.86 g (SD: 10.53), while restricted dams lost 4.14 g (SD: 5.5) on average over the 
course of pregnancy. 
Litter size, sex ratio, and pup weight on PND 01 (before cross-fostering). 
On PND 01 I weighed and sexed 312 pups from 38 litters (mean ± SD: 2.76g ± 
0.38g). Ten litters had pups that were not included in subsequent analyses due to 
complete cannibalism of litters before PND 10. The final subset of pups on PND 01 
included 242 pups from 28 litters (mean ± SD: 2.74g ± 0.37g). The average pup weight 
of the final subset was not significantly lower than the average pup weight of the whole 
set and did not represent a significant drop in overall pup weight (𝐹1,37,  𝑝 > 0.78).  
The average number of pups per litter was 8.6 (± SD: 3.12). Litters from dams 
that were food restricted during gestation had 1.5 (95% CI: -0.86, 3.92) fewer pups than 
litters from unrestricted dams. This difference is not significant (𝐹1,26, 𝑝 < 0.2). 
Overall, the litter sex ratio, calculated as the percent of males within each litter, 
was 0.51 (± SD: 0.16). Litters from food restricted dams were slightly male biased (mean 
± SD: 0.54 ± 0.14) while litters from ad libitum-fed dams were not (mean ± SD: 0.48 ± 
0.17), but not significantly different (𝐹1,26,  𝑝 < 0.30). 
Among pups on PND 01, there was no effect of pup sex nested within litter 
(𝐹1,282,  𝑝 < 0.13), and no effect of maternal gestational diet (𝐹1,36,  𝑝 < 0.57). When the 
analysis is run on litter means, there is also no significant effect of maternal gestational 
diet. 
 
 115 
 
Pup Weights on PND 05 – PND 30 (after cross fostering): 
On PND 05, I weighed a total of 136 pups from 26 litters (mean ± SD: 5.93 g ± 
1.15 g) (Fig. 4.2A). There was no significant difference in body weights between sexes 
within litter (𝐹1,120.6 = 0.17,  𝑝 < 0.68). There was no significant interaction between 
maternal and foster dam gestational diet on body weight (𝐹1,21.8 = 2.07,  𝑝 < 0.16). 
When the interaction term is excluded, there was no main effect of maternal gestational 
diet (𝐹1,20.2 = 0.009,  𝑝 < 0.92), or foster dam gestational diet (𝐹1,22.7 = 3.79,  𝑝 <
0.064) on body weight. When weights are averaged within litters, ignoring sex, there 
again was no significant interaction between gestational diet treatments (𝐹1,22 = 1.2,  𝑝 <
0.15), and when the interaction was excluded there was no significant effect of maternal 
gestational diet (𝐹1,23 = 0.62,  𝑝 < 0.31), but there was a significant effect of foster dam 
gestational diet (𝐹1,23 = 2.65,  𝑝 < 0.042, 𝜂𝑝
2 = 0.17) on body weight. Litter average 
weights from restricted foster dams were 0.65 g (95%CI: 0.027g, 1.28g) significantly 
heavier than litters from ad libitum-fed foster dams (𝑝𝑎𝑑𝑗 < 0.042). 
On PND 10 a total of 130 pups were weighed (mean ± SD: 11.56 ± 1.93) (Figure 
4.2B). There was no significant difference between sexes within litter (𝐹1,109.1 =
0.36,  𝑝 < 0.55). There was a significant interaction between maternal and foster dam 
gestational diet (𝐹1,21.9 = 4.36,  𝑝 < 0.005), no main effect of maternal gestaitonal diet 
(𝐹1,21.1 = 0.78,  𝑝 < 0.39), and a main effect of foster dam gestational diet (𝐹1,23.7 =
10.44,  𝑝 < 0.004). Litters from the C:R group weighed 2.75 g (95% CI: 0.99 g, 4.52g) 
on average more than C:C control litters (𝑝𝑎𝑑𝑗 < 0.018). When weights are averaged 
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within litters, ignoring sex, there is also a significant interaction between gestational diet 
treatments (𝐹1,22 = 4.78,  𝑝 <  0.04,   𝜂𝑝
2 = 0.18). When controlling for this interaction 
there is no significant effect of maternal gestational diet (𝐹1,22 = 0.33,  𝑝 = 0.0.33), but 
there is a significant effect of foster dam gestational diet (𝐹1,22 = 12.03,  𝑝 =
0.002,  𝜂𝑝
2 = 0.35). Litters that were fostered to previously restricted dams were 1.65 g 
(95%CI: 0.028 g, 3.02 g) heavier on average than litters fostered by previously 
unrestricted dams (𝑝𝑎𝑑𝑗 = 0.02).  
 On PND 15 a total of 127 pups were weighed (mean ± SD: 17.74 ± 3.19) (Figure 
4.2C). There was no significant difference between sexes within litter (𝐹1,104.1 =
1.69,  𝑝 < 0.2). There was a significant interaction between maternal and foster dam 
gestational diet (𝐹1,21.8 = 9.6,  𝑝 < 0.005), no main effect of maternal gestational diet 
(𝐹1,22.5 = 2.79,  𝑝 < 0.11), but a main effect of foster dam gestational diet (𝐹1,22.9 =
12.47,  𝑝 < 0.002). Litters from the C:R group weighed 5.2g (95% CI: 2.16 g, 8.26g) on 
average more than C:C control litters (𝑝𝑎𝑑𝑗 < 0.009). When weights were averaged 
within litters, ignoring sex, there was also a significant interaction between gestational 
diet treatments (𝐹1,22 = 10.07,  𝑝 <  0.004,   𝜂𝑝
2 = 0.31). When controlling for this 
interaction there was no significant effect of maternal gestational diet (𝐹1,22 = 3.07, 𝑝 >
0.09), but there was a significant effect of foster dam gestational diet (𝐹1,22 =
13.87,  𝑝 < 0.002,  𝜂𝑝
2 = 0.38). Litters that were fostered to previously restricted dams 
were 2.18 g (95%CI: 0.02 g, 4.35 g) heavier on average than litters fostered by previously 
unrestricted dams (p < 0.05).  
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On PND 30 a total of 111 pups were weighed (mean ± SD: 62.12 ± 10.2) (Figure 
4.2D). There was no significant difference between sexes within litter (𝐹1,99 =
0.009,  𝑝 < 0.92). There was a significant interaction between maternal and foster dam 
gestational diet (𝐹1,21.8 = 7.13,  𝑝 < 0.014), a significant main effect of maternal 
gestational diet (𝐹1,19.6 = 4.37,  𝑝 < 0.049), and a main effect of foster dam gestational 
diet (𝐹1,23.8 = 9.64,  𝑝 < 0.0049). Litters from the C:R group weighed 11.9 g (95% CI: 
4.0 g, 19.8 g) on average more than C:C control litters (𝑝𝑎𝑑𝑗 < 0.02). No other marginal 
means were significantly different after accounting for multiple comparisons. When 
weights were averaged within litters. ignoring sex, the same pattern of significance was 
observed. There was also a significant interaction between gestational diet treatments 
(𝐹1,22 = 7.86,  𝑝 <  0.02,   𝜂𝑝
2 = 0.26). When controlling for this interaction there was a 
significant effect of maternal gestational diet (𝐹1,22 = 5.22,   𝑝 < 0.033,  𝜂𝑝
2 = 0.19 ) and 
a significant effect of foster dam gestational diet (𝐹1,22 = 10.72,  𝑝 < 0.004,  𝜂𝑝
2 = 0.33). 
Litters from the C:R group weighed 11.65 g (95% CI: 1.77 g, 21.55 g) on average more 
than C:C control litters (𝑝𝑎𝑑𝑗 < 0.02). No other marginal means were significantly 
different after multiple comparisons were accounted for.  
Adult offspring behaviors (Baseline). 
Baseline 24-h food intake was estimated while individual offspring were being 
monitored for hoarding behavior every day. Each 24-h period included an overnight (22.5 
h) intake estimate, and a 90-minute (1.5 h) estimate of baseline intake. Baseline 24-h 
intake was then calculated by adding the overnight intake to the 90-min intake, and 
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averaging over 4 days. There was no significant effect of sex, maternal or foster dam 
gestational diet, and no interaction between diet treatments for baseline 24-h (mean ± SD: 
8.09 ± 1.11), overnight (mean ± SD: 7.45 ± 1.09), or 90-min intake (mean ± SD: 0.65 ± 
0.44).  
On average, hamsters hoarded 46.52 g (± SD: 63.06) per day during baseline 90-
min tests. The distribution of baseline food hoarding was highly skewed to the right; to 
account for the effect of skewness on residuals, 4-day averages were log10 (hoard (g) + 
1) transformed for statistical analysis. There was no overall effect of pup sex on baseline 
hoarding. Also, there was no effect of maternal or foster dam gestational diet, or their 
interaction on baseline hoarding.  
Adult offspring behaviors (Restriction). 
During 90-min hoard tests under 25% food restriction, adult offspring ate 1.13 g 
(± SD: 0.62g) of food. There was no significant effect of offspring sex on intake. Overall, 
there was no significant interaction between maternal and foster dam gestational diet 
(𝐹1,18.5 = 2.57,  𝑝 > 0.13), and when this interaction term was excluded there is no main 
effect of either maternal (𝐹1,19.8 = 2.57,  𝑝 > 0.82) or foster dam gestaitonal diet 
(𝐹1,18.7 = 4.28,  𝑝 > 0.053). However, if the interaction was included in the model, then 
there was a significant effect of foster dam gestational diet (𝐹1,21.8 = 7.06,  𝑝 < 0.014). 
Individuals raised by foster dams that were food-restricted during gestation ate 0.27 g 
(95% CI: 0.0g, 0.54g) more than pups raised by ad libitum-fed foster dams (𝑝𝑎𝑑𝑗 <
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0.05). Among litter means, there was no significant difference between sexes, gestational 
diet treatments, and no significant interaction between gestational diet treatments.  
Hamster food intake increased after a period of food restriction compared to 
baseline. The intake ratio based on the 4-day average intake over the final 4 d of food 
restriction was positive (mean ± SD: 0.21 ± 0.30) but highly variable. There was no 
significant difference between sexes (𝐹1,88.8 = 0.30,  𝑝 < 0.59), and no significant 
interaction between maternal and foster dam gestational diet (𝐹1,18.7 = 0.4,  𝑝 < 0.53). 
When the interaction term was excluded, there was no main effect of maternal gestational 
diet (𝐹1,19.7 = 0.00,  𝑝 > 0.98), but there was a significant effect of foster dam 
gestational diet (𝐹1,18.6 = 5.42,  𝑝 < 0.031). This significant effect of foster gestational 
treatment was not observed when litter means are averaged. However, among litters, 
hamsters that were fostered by ad libitum-fed dams had a 0.13 (95% CI: -0.007, 0.27) 
point increase in hoard ratio compared to hamsters that were foster by food-restricted 
dams, and this increase had a medium effect size (𝑝𝑎𝑑𝑗 < 0.06,  𝜂𝑝
2 = 0.15). There are no 
significant effects on the intake ratio when the final day of restriction (day 8) is analyzed 
alone.  
When 90-min hoarding was calculated as an average hoard potential over 4 d, 
hamsters hoarded 142.38 g/d (± SD: 115.7 g/d). This data was right skewed, and linear 
transformation with log10(hoard (g) + 1) made the data left skewed, so I linear 
transformed data using the square root of food hoarded (g) for statistical analysis. There 
was a significant effect of sex (𝐹1,89.4 = 14.36,  𝑝 < 0.0003). When acounting for this 
sex difference, there was no effect of maternal or foster dam gestational diet, and no 
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interaction between gestational diet treatments. This pattern of significance is also 
observed when litter means are analyzed.  
The amount of food hoarded increased over days of restriction. Food hoarded on 
day 8 (mean ± SD: 171.1 g ± 150.6 g) was significantly greater than the calculated 4-day 
average (mean ± SD: 142.4 g ± 115.7 g) (paired t-test: 𝑡103 = 2.8,  𝑝 < 0.006). 
Therefore, the hoard potential on day 8 was evaluated for sex and gestational treatment 
effects. On day 8, there was a significant effect of sex (𝐹1,88.3 = 5.73,  𝑝 < 0.019). When 
controlling for this sex difference, there were no main effects of maternal or foster dam 
gestational diet, and no interaction of gestational diet treatments.  On average, female 
hamsters hoarded 2.7 g (95% CI: 0.43 g, 5.0 g) more than males on Day 8 (𝑝𝑎𝑑𝑗 <
0.020). This result is also observed when day 8 litter means are analyzed.  
The hoard ratio represented a greater increase in hoarding under restriction 
compared to the intake ratio (mean ± SD: 0.68 ± 0.38). The data were highly skewed, so 
hoard ratio scores were linear transformed with log10(hoard ratio + 1) for statistical 
analysis. There were no significant effects of sex, gestational diet treatments, or an 
interaction between gestational diet treatments. The hoard ratio on day 8 (mean ± SD: 
0.68 ± 0.44) did not differ from the hoard ratio calculated from 4-day average hoarding. 
There was also no overall effect of sex, either maternal or foster dam gestational 
treatment, and no interactions between gestational diet treatments.   
Adult offspring Body weights after 8 days of food restriction:  
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A total of 104 offspring from 24 litters were weighed (mean ± SD = 128.8 ± 16.32); 
adult offspring were not evenly distributed among treatment groups (CC: 25, CR: 18, RC: 
31, RR: 30; F: 58, M: 46). There was no significant difference overall between the body 
weight of individuals that were decapitated versus perfused (𝐹1,102 = 0.21,  𝑝 > 0.65), 
and there was not a significant within litter difference between individuals of either fate 
(𝜒1
2 = 0.43,  𝑝 > 0.51).  There was a significant effect of sex nested in litter on adult pup 
body weight (𝜒1
2 = 61.193 𝑝 < 1𝑒 − 14,  𝑑 = 1.28 (95% 𝐶𝐼: 0.85,  1.72)) (Figure 
4.3A). There was no significant interaction between maternal and foster dam gestational 
diet (𝐹1,99 = 3.63,  𝑝 > 0.06). Without the interaction term, there was no effect of 
maternal gestational diet on adult offspring body weight at the time of euthanasia 
(𝐹1,100 = 1.53,  𝑝 > 0.22), but there is a significant effect of foster dam gestational diet 
(𝐹1,100 = 4.44,   𝑝 < 0.038,   𝜂𝑝
2 = 0.04 )(Figure 4.3B). Adults fostered by dams that 
were food-restricted during gestation were 5.6 g (95% CI: 0.32g, 10.9g) heavier than 
adult offspring fostered by dams that were fed ad libitum during gestation. These effects 
are conserved when litter means are analyzed. 
 Averaging body weight by sex within litter while ignoring pup fate showed the 
same pattern as the analysis of all individuals. There were 21 of 24 litters represented by 
both sexes, and 3 litters were represented by only one sex. Among litters, there was a 
more even distribution into diet treatment groups (CC: n = 7, CR: n = 5, R:C = 6, RR: n = 
6) compared to the total number of offspring and compared to averaging sex within litter 
(CC: n = 13, CR: n = 8, RC: n = 12, RR: n = 12). There was a significant effect of sex 
nested within litter on litter averages of adult offspring weight (𝜒1
2 = 77.01,  𝑝 < 1𝑒 −
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15,  𝑑 = 1.84 (95% 𝐶𝐼: 1.1,  2.58)). Male adult offspring were on average 19.91 g (95% 
CI: 13.56g, 26.27g) heavier than female adult offspring. Among-litter averages showed 
no significant interaction between maternal and foster dam gestational diet (𝐹1,40 =
3.45,   𝑝 < 0.07) when accounting for the effect of sex. When the interaction was 
excluded from the model there was no significant effect of maternal gestational diet 
(𝐹1,41 = 0.24,   𝑝 < 0.63) but a significant effect of foster dam gestational diet on adult 
offspring body weight (𝐹1,41 = 4.45,   𝑝 < 0.04,   𝜂𝑝
2 = 0.10). Within-litter average 
weight of offspring fostered to dams that were food-restricted during gestation were 6.61 
g (95% CI: 0.23g, 12.99g) heavier than the pups fostered to dams that were fed ad libitum 
during gestation.  
Among males only, there was no significant effect of pup fate nested in litter (𝜒1
2 =
2.62,  𝑝 < 0.11). There was no significant interaction between maternal and foster dam 
gestational treatment (𝐹1,42 = 1.68,   𝑝 < 0.20). When the interaction term was excluded, 
there was no significant effect maternal gestational diet (𝐹1,43 = 1.77,   𝑝 < 0.19), but a 
significant effect of foster dam gestational diet (𝐹1,43 = 10.50,   𝑝 < 0.002,   𝜂𝑝
2 = 0.20) 
(Figure 4.3C). Male offspring raised by foster dams which were food-restricted were 
12.56 g (95% CI: 4.58g, 20.53g) heavier than male offspring raised by ad libitum-fed 
foster dams. The results for male offspring only were preserved when litter means are 
analyzed. There was no significant interaction between maternal and foster dam 
gestational diets (𝐹1,17 = 1.65,   𝑝 < 0.22), and excluding the interaction shows no 
significant effect of maternal gestational diet (𝐹1,18 = 1.07,   𝑝 < 0.32) but a significant 
effect of foster dam gestational diet (𝐹1,41 = 8.01,   𝑝 < 0.01,   𝜂𝑝
2 = 0.31). Litter 
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averages of male offspring raised by foster dams which were food-restricted were 11.82 g 
(95% CI: 2.92g, 20.72g) heavier than male offspring litter averages from previously 
unrestricted foster dams.  
Among female offspring only, there was no significant effect of fate nested in litter 
(𝜒1
2 = 0.75,  𝑝 < 0.39). In a two-way ANOVA there was no significant interaction 
between maternal and foster gestational treatment (𝐹1,54 = 2.87,   𝑝 < 0.10), and when 
the interaction term was excluded there was no effect of maternal (𝐹1,55 = 0.73,   𝑝 <
0.40) or foster dam gestational diet (𝐹1,55 = 0.0007,   𝑝 < 0.98) (Figure 4.3D). The lack 
of significant effects in adult female offspring was also seen when litter averages were 
used in the analysis. The results for female offspring only were also preserved, but only 
when weight was averaged within litters. There was no interaction between maternal or 
foster dam gestational treatment, no main effect of maternal gestational diet, and no main 
effect of foster dam gestational diet among litter means.  
Gonad Weights after restriction.  
Among males, there was no influence of offspring fate nested in litter on adult 
offspring testis weight (𝜒1
2 = 0.36,  𝑝 < 0.54). There was no significant interaction 
between maternal and foster dam gestational diet (𝐹1,42 = 1.71,   𝑝 < 0.20); excluding 
the interaction term and using type II sums of squares did not show a significant effect of 
either maternal gestational (𝐹1,42 = 0.02,   𝑝 < 0.89) or foster dam gestational diet 
(𝐹1,42 = 3.73,   𝑝 < 0.06,   𝜂𝑝
2 = 0.082)(Figure 4.4A). However, when type III sums of 
squares are used in a full factorial ANOVA there was a significant effect of foster dam 
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gestational diet (𝐹1,42 = 4.88,   𝑝 < 0.033,   𝜂𝑝
2 = 0.104). Based on this pattern the effect 
of foster dam gestational diet may be considered marginally significant, where adult male 
offspring raised by food-restricted foster dams had testis that were 0.1 g (95% CI: -
0.007g, 0.21g) heavier than offspring raised by dams that were previously fed ad libitum. 
When analysis was conducted on the mean testis weight within litters, however, there is 
no interaction or main effects among litters for maternal or foster dam gestational diet 
(𝑝 >  0.14). Also, when variation in body size among males was accounted for by 
calculating the percent of total body weight made up by testis weight, then there is no 
evidence for a significant interaction or significant main effects of maternal or foster dam 
gestational diet (𝑝 > 0.2)(Figure 4.4B). 
Among females, there was no significant difference of offspring fate nested in litter 
on uterine weight (𝜒1
2 = 0.03,  𝑝 > 0.86). There was no significant interaction between 
maternal and foster dam gestational diet (𝐹1,53 = 0.001,   𝑝 < 0.78), and excluding the 
interaction term did not show a significant effect of maternal gestational diet (𝐹1,54 =
0.73,   𝑝 < 0.40), but did show a significant effect of foster dam gestational diet (𝐹1,42 =
4.48  𝑝 < 0.04,   𝜂𝑝
2 = 0.08)(Figure4.5A). Female offspring raised by foster dams which 
were fed ad libitum had uterine weights that were 0.06 g (95% CI: 0.003g, 0.12g) heavier 
than female offspring raised by food-restricted foster dams. When variation in body size 
is accounted for by calculating the percent of total body weight made up by the uterine 
weight, there was no significant interaction, no effect of maternal gestational diet, and no 
effect of offspring fate; however, the above significant effect of foster dam gestational 
treatment was maintained (𝐹1,42 = 5.62  𝑝 < 0.02,   𝜂𝑝
2 = 0.09)(Figure 4.5B). Female 
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offspring raised by ad libitum-fed foster dams had uterine weights that were 0.06 % (95% 
CI: 0.009%, 0.11%) larger than offspring raised by food-restricted foster dams. However, 
there is no significant interaction or significant main effects of gestational diet treatment 
on uterine weight when weights are averaged within litter (𝑝 >  0.15).  
White adipose tissue (WAT) depots. 
Visceral WAT weight (g) was significantly different among males and females of 
the same litter (𝜒2 = 42.13,  𝑝 < 1𝑒 − 10,  𝑑 = 1.79 (95% 𝐶𝐼:  1.06,  2.53)). Within 
litter, male visceral WAT was 1.56 g (95% CI: 1.06g, 2.06g) heavier than females. When 
all offspring are included, there was no significant interaction between maternal and 
foster dam gestational diet (𝐹1,40 = 0.29  𝑝 > 0.59). When the model was run without 
the interaction term, there was not a significant effect of maternal diet (𝐹1,41 = 0.80  𝑝 >
0.38), but there was a significant effect of foster dam gestational diet (𝐹1,42 = 4.80  𝑝 <
0.03,   𝜂𝑝
2 = 0.10). Adult individuals raised by foster dams that were food-restricted had 
visceral WAT that was 0.54 g (95% CI: 0.04g, 1.05g) heavier than those raised by ad 
libitum-fed dams. When visceral WAT was analyzed for each sex separately, there were 
no significant interactions or main effects of gestational diets. A maximum of 1 female 
and 1 male from each litter was decapitated, so no analysis on litter means was 
conducted.  
Subcutaneous WAT was significantly different among males and females nested 
in litters (𝜒2 = 23.55,  𝑝 < 1𝑒 − 10,  𝑑 = 1.42 (95% 𝐶𝐼: 0.73 2.11)), but there was no 
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significant interaction or main effects of maternal or foster dam gestational diet. When 
males and females were analyzed separately, the same non-significant patterns remained.   
Gonadal WAT was significantly different between males and females nested 
within litters (𝜒2 = 114.61,  𝑝 < 1𝑒 − 16,  𝑑 = 3.07 (95% 𝐶𝐼: 2.15,  3.99)). There was 
no significant interaction between maternal and foster dam gestational diet on gonadal 
WAT (𝐹1,40 = 1.45 𝑝 < 0.29). Exclusion of the interaction term showed no significant 
effect of maternal gestational diet (𝐹1,41 = 0.13  𝑝 > 0.72) but a significant effect of 
foster dam gestational diet (𝐹1,41 = 5.35  𝑝 < 0.03,   𝜂𝑝
2 = 0.12). Offspring that were 
raised by foster dams which were food-restricted had gonadal WAT that was 0.25 g (95% 
CI: 0.03g, 0.47g) heavier than offspring raised by ad libitum-fed foster dams.  When the 
sexes were evaluated separately, there was no significant interaction or main effects of 
maternal or foster dam gestational diet among females.  Among males, there was no 
significant interaction between diet treatments (𝐹1,17 = 1.21  𝑝 < 0.29), no significant 
effect of maternal gestational diet (𝐹1,18 = 0.03  𝑝 < 0.87) when the interaction term was 
excluded, but a significant effect of foster dam gestational diet on gonadal WAT (𝐹1,18 =
5.66  𝑝 < 0.03,   𝜂𝑝
2 = 0.24). Among males only, adult offspring raised by restricted 
foster dams had gonadal WAT that weighed 0.51 g (95% CI: 0.05g, 0.97g) heavier than 
pups raised by ad libitum-fed foster dams.    
White Adipose Tissue depots (% of total Fat). 
Visceral WAT made up an average of 49.62 % (± SD: 11.59%) of dissected fat. 
There was no overall effect of sex nested in litter on the visceral component of fat. Also, 
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there were no significant effects or an interaction of maternal or foster dam gestational 
diet on the visceral fat component. When each sex was analyzed separately, among males 
there were no significant effects of maternal or foster dam gestational diet and no 
significant interaction between diet treatments. Among females only, however, there was 
a significant effect of maternal gestational diet (𝐹1,41 = 9.95  𝑝 < 0.005,   𝜂𝑝
2 = 0.33), no 
effect of foster dam gestational diet, and a significant interaction between the two diet 
treatments (𝐹1,41 = 4.72  𝑝 < 0.042,   𝜂𝑝
2 = 0.19). Adult females born to ad libitum-fed 
mothers had 11.3% (95% CI: 0.51%, 22.1%) greater fat in the visceral WAT compared to 
adult females born to food-restricted dams. Female offspring born to and raised by ad 
libitum-fed dams (C:C) had 22.2% (95% CI: 2.5%, 42.0%) greater fat in the viscera 
compared to female offspring born to food-restricted mothers and fostered to ad libitum-
fed foster dams (R:C).  
Subcutaneous WAT made up 28.46 % (± SD: 10.53%) of the total extracted fat on 
average. Among sexes nested in litter, there was a significant difference in the 
subcutaneous percentage of WAT (𝜒2 = 15.78,  𝑝 < 7𝑒 − 5,  𝑑 =
1.19 (95% 𝐶𝐼: 0.52,  1.86)). Female hamsters had 10.8 % (95% CI: 5.6%, 16.1%) more 
WAT in the femoral subcutaneous WAT pad than male litter mates. There was no 
significant interaction between maternal and foster dam gestational diet.  When the 
interaction term was excluded there was no significant effect of foster dam gestational 
diet, but there was a significant effect of maternal gestational diet on the subcutaneous 
component of dissected WAT (𝐹1,41 = 5.60  𝑝 < 0.023,   𝜂𝑝
2 = 0.12).  Adult pups born to 
food-restricted dams had 5.8 % (95% CI: 0.6 %, 11.1%) more WAT in the femoral 
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subcutaneous WAT pad compared to adult offspring born to ad libitum-fed mothers. 
When analyzed separately, there were no significant main effects of gestational diet 
treatment nor was there a significant interaction. Among female pups, however, there was 
a significant interaction between maternal and foster dam gestational diets (𝐹1,20 =
4.5  𝑝 < 0.046,   𝜂𝑝
2 = 0.18). When accounting for this interaction, there was no effect of 
foster dam gestational diet (𝐹1,20 = 0.61  𝑝 < 0.44), but a significant efffect of maternal 
gestational diet (𝐹1,20 = 10.5  𝑝 < 0.004,   𝜂𝑝
2 = 0.34). Female individuals born to food-
restricted dams and cross foster to previously unrestricted dams (R:C) had 17.2 % (95% 
CI: 2.3%, 32.0%) more subcutaneous WAT than individuals born to and fostered to ad 
libitum-fed dams (C:C) (𝑝𝑎𝑑𝑗 < 0.02). 
On average, gonadal WAT made up 21.93 % (SD: 9.99 %) per gram of dissected 
WAT. Males had a significantly higher proportion of WAT in the gonadal pad compared 
to females (16.5 % (95%CI: 13.1%, 19.9%); 𝜒2 = 100.75,  𝑝 < 2.2𝑒 − 16,  𝑑 =
2.96 (95% 𝐶𝐼: 2.06,  3.86). When controlling for this sex difference, there was no 
significant effect of either gestational diet treatment and no significant interaction. 
Among males only, there was no significant interaction between maternal and foster dam 
gestational diet, and when the interaction term was excluded there was no significant 
effect of foster dam gestational treatment, but there was a non-significant effect of 
maternal gestational diet with a medium effect size (𝐹1,18 = 3.67  𝑝 < 0.07,   𝜂𝑝
2 = 0.17). 
Males born to ad libitum-fed dams had 4.5% (85%CI: -0.32%, 9.5%) more gonadal WAT 
per gram dissected WAT compared to males born to food-restricted dams (𝑝𝑎𝑑𝑗 < 0.07). 
It is hard to determine if this is a true effect due to the small sample sizes (C:C = 6, C:R = 
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3, R:R = 6, R:C = 6). Among females only, there was no significant main effects of 
gestational diet and no significant interaction.  
Summary of PND 01 results for litters from 3 experiments.  
A total of 73 litters across three separate experiments were housed in large cages 
and either fed ad libitum or restricted to 90% of pre-pregnancy intake during gestation, 
all with food in the cage. Among the three experiments, litter size at birth was 8.45 
pups/litter (SD: ± 3.08) and there was no interaction between maternal gestational diet 
and experiment (𝐹2, 67 = 2.03,  𝑝 < 0.88). When the interaction term was excluded, there 
is no significant effect of gestational diet (𝐹1,69 = 2.36,  𝑝 < 0.13), but there was a 
significant effect of experiment (𝐹2,69 = 8.79,  𝑝 < 0.0004,  𝜂𝑝
2 =
0.2 (95% 𝐶𝐼:  0.07,  0.32)) (Figure4.6A). Litter sizes from the cage size by diet 
experiment highlighted in Chapter 3 were significantly higher than litter sizes in the adult 
behavior experiment (mean ± SEM: 3.98 ± 1.1; 𝑝𝑎𝑑𝑗 < 0.002) and the pup fat pad 
experiment (mean ± SEM: 4.65 ± 1.1; 𝑝𝑎𝑑𝑗 = 0.0003). The overal sex ratio (mean ± SD: 
0.49 ± 0.17) was not affected by maternal gestational treatment, experiment, or an 
interaction between the two factors (Figure 4.6B). Average weight of pups per litter was 
not influenced by a significant interaction between maternal gestational diet and 
experiment (𝐹2,67 = 2.79,  𝑝 < 0.07). When the interaction was excluded, there was no 
significant effect of experiment (𝐹2,69 = 2.05,  𝑝 > 0.14) but there was a significant 
effect of maternal gestational diet (𝐹1,69 = 4.51,  𝑝 < 0.04,  𝜂𝑝
2 =
0.06 [95% 𝐶𝐼:  0.0019,  0.16]) (Figure 4.6C). 
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FIGURES 
 
 
Figure 4.1 – Mean ± standard error of the mean for adult female Syrian hamsters that 
were monitored for pre-pregnancy body weights (A.) and then mated. Starting on 
embryonic day 6, half of the mated females remained on ad libitum access to food 
(Control; open bars), while the half were food restricted by 10% of pre-pregnancy intake 
(Restricted; solid bars). On embryonic day 15 (E15) of the 16-d gestation I compared 
body weight (B.) and body weight gain (C.), and then compared the body weight change 
between pre-pregnancy and postnatal day 1 (PND 01) (D.). Mean differences are 
considered significant at α < 0.05 (*).  
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Figure 4.2 – Mean ± standard error of the mean for offspring weights taken on A.) PND 
05, B.) PND 10, C.) PND 15, and D.) PND 30. The x-axis lists the cross-foster group 
designations representing maternal gestational diet to the left and foster dam gestational 
diet to the right of the colon. Adult female hamsters were either fed ad libitum throughout 
gestation (C) or given 90% of their own pre-pregnancy intake over the later 2/3rd of 
gestation (R). See text for description of significant differences.   
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Figure 4.3 - Mean ± standard error of the mean for Syrian hamster adult offspring 
weights taken after 8 days of food restriction (age: 211 ± 2.4 d). Birth and foster dams 
were either fed ad libitum (C) or 10% food restricted (R) during the latter 2/3rd of 
gestation. Cross-fostering at birth resulted in 4 treatment groups; for panels B-D, the x-
axis lists the cross-foster group designations representing maternal gestational diet to the 
left and foster dam gestational diet to the right of the colon. Among litters, there is an 
overall effect of sex (A.), and controlling for sex differences there is an overall effect of 
foster dam gestational treatment (B.). When each sex is analyzed alone, there is an effect 
of foster dam gestational treatment among males (C.), but not among females (D.). See 
text for details of specific group differences.   
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Figure 4.4 - Mean ± standard error of the mean for: A.) testes weight (g), and B.) testes 
weight as percent of total body mass taken after 8 days of food restriction (age: 211 ± 2.4 
d). Birth and foster dams were either fed ad libitum (C) or 10% food restricted (R) during 
the latter 2/3rd of gestation. Cross-fostering at birth resulted in 4 treatment groups; the x-
axis lists the cross-foster group designations representing maternal gestational diet to the 
left and foster dam gestational diet to the right of the colon. 
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Figure 4.5 - Mean ± standard error of the mean for: A.) uterine weight (g), and B.) uterine 
weight as percent of total body mass from adult female hamsters taken after 8 days of 
food restriction (age: 211 ± 2.4 d). Birth and foster dams were either fed ad libitum (C) or 
10% food restricted (R) during the latter 2/3rd of gestation. Cross-fostering at birth 
resulted in 4 treatment groups; the x-axis lists the cross-foster group designations 
representing maternal gestational diet to the left and foster dam gestational diet to the 
right of the colon.  
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Figure 4.6 - Mean ± standard error of the mean for: A.) litter size, B.) litter sex ratio, and 
C.) average pup weight on postnatal day 01 after parturition. All litters were housed in 
large Nalgene cages (48 × 27 × 21 cm) throughout gestation and lactation, and fed either 
an abundance of food pellets throughout gestation (open bars) or 10% food restricted of 
the later 2/3rd of gestation. Litter size was effected by experiment and not diet, sex ratio 
was unaffected, and pup weight was affected by diet but not experiment.  
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DISCUSSION 
 
The main findings of this study highlight that Syrian hamsters represent a 
fundamentally different model of gestational programming compared to rats and mice. In 
Syrian hamsters, gestational restriction had little effect on offspring birthweight, had no 
direct effect on offspring growth, and did not affect adult food hoarding. This result is 
contrary to much of the literature on gestational programming in rodents, where 
undernutrition during gestation results in low birth weight offspring that tend to exhibit 
catch-up growth when exposed to high-calorie diets (Armitage et al., 2005; Vickers et al., 
2003b). I did find significant effects on offspring growth and adult food intake, but only 
in offspring that had restricted foster mothers. Offspring born to restricted dams did not 
lag in overall weight at birth or throughout growth, and the observation of catch-up 
growth was only observed in offspring born to ad libitum-fed mothers that were fostered 
by restricted dams. This result was unexpected because ‘programming’ metabolism to be 
thrifty (Hales and Barker, 2001a) should have shown accelerated growth in offspring 
born to restricted mothers and then raised by ad libitum-fed foster dams. Therefore, 
gestational restriction directly affected the mother rather than the offspring. It is possible 
that mothers were affected through increased fat loss during pregnancy because restricted 
mothers lost weight over pregnancy while ad-libitum fed dams gained weight. This 
change in body weight, and possibly condition, may have then affected offspring weight 
through changes to milk quality (Tygesen et al., 2008) or maternal care (Dwyer et al., 
2003; Wiener et al., 1977).   
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Based on my results, the use of Syrian hamsters to model IUGR or SGA offspring 
is not supported. In rats, food restriction during gestation typically results in offspring 
that have low birth weight, and unless given a high-fat diet remain small throughout life 
(Vickers et al., 2000; Vickers et al., 2003b). In hamsters, offspring weight a birth varied 
among several replicates of maternal undernutrition using 10% food restriction. In the 
replicate that makes up the focus of my results presented here, there was no significant 
effect of maternal diet on offspring weight at PND 01. There was a significant effect, 
however, in the experiment highlighted in chapter 3 as well as an additional replicate. 
When the three replicate experiments were analyzed in a combined analysis, there was an 
overall significant effect of offspring weight at birth but with a low effect size. The low 
effect size suggests that the small amount of change in weight may not be biologically 
relevant even though the result is statistically significant. Further, the programming 
effects that I observed were in offspring from ad libitum-fed and not restricted mothers. I 
did not, however, include measurements of body length in the present studies. Therefore, 
it is not currently known if ‘programming’ during lactation had effects on body weight 
alone, or it there were influences on body size too. This is an important factor that needs 
to be included in future studies on programming in hamsters since the data on rats shows 
that restricted mothers give birth to offspring that are small and weigh less (Breier et al., 
2001; Vickers et al., 2000). Catch-up growth, then, is observed in weight and not overall 
body size.  
Similar to offspring weight and growth, gestational restriction had no effect on 
adult offspring food intake or food hoarding. If my first hypothesis was true, then I would 
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have observed that adult offspring from restricted mothers had increased food intake and 
reduced hoarding. Neither gestational restriction nor carry-over effects on maternal 
condition during lactation influenced adult appetite; there were no group differences in 
intake or hoarding under ad libitum-fed conditions in adult offspring. Similarly, there 
were no group differences in adult offspring sensitivity to mild energetic challenge in 
food hoarding. Therefore, I did not find any evidence to support my second hypothesis.  
However, adult offspring that were fostered by restricted dams increased their food intake 
less than adults raised by ad libitum-fed foster dams. These same individuals weighed 
more during pre-weaning growth, and remained heavier at the end of the mild energetic 
challenge. Therefore, hamsters appear to exhibit effects of what could be called 
‘lactational’ programming, and this data supports my fourth hypothesis. Individuals 
raised by restricted foster dams gain more weight without overeating. This result suggests 
that the underlying mechanisms that are affected by lactational programming may 
provide clues to how some humans can become or remain obese without overeating. It is 
known that Syrian hamsters have the ability to gain weight without overeating (Wade, 
1982) under ad libitum-fed conditions, but the magnitude body weight differences 
between C:R offspring and C:C offspring suggests that programming of thrifty phenotype 
occurred. This body weight gain may be due to a number of different factors, including 
increased fat deposition (Rhodes et al., 2009), a decrease in overall activity (Vickers et 
al., 2003a), increased maternal care (Wiener et al., 1977), or a combination of factors. 
Female Syrian hamsters lose fat stores during gestation (Wade et al., 1986) and 
lose weight despite increasing intake during lactation (Fleming, 1978). Therefore, 
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hamsters may over-hoard during pregnancy with the expectation of reduced foraging time 
during lactation when food intake increases are needed to maintain energy balance and 
fuel lactation. Hamster mothers may possess adaptations that allow for offspring survival 
in times of extreme variation in food resources such as supplementation of milk with 
additional fat or sugars. Hamsters already have the ability to utilize adipose stores to 
grow developing conceptus while still actively foraging, and they continue to lose weight 
during lactation (Fleming, 1978), therefore the supplementation hypothesis is possible. 
Interestingly, females were not affected by gestational or lactational programming; it was 
male, and not female, adults that were influenced by restricted foster dams. Overall, 
females did weigh less than males, and hoarded more under mild energetic challenge. 
This general pattern would promote female survival and fitness in the wild, where 
females may occupy borrows for long time periods, maintain large food larders, and only 
forage at times of the day when predation is least likely. Among wild Syrian hamsters, 
females restrict their movements to daylight hours at dawn and dusk, while males are 
observed to be active throughout the day and night (Gattermann et al., 2008). Therefore, 
it may be necessary for males and not females to be thriftier if they are active throughout 
the day searching for both food and potential mates; males would likely be spending less 
time in a burrow with a food hoard and more time avoiding predators. Males in the wild 
may only use burrows for short time periods, or only for winter survival, and may spend 
the summer months actively foraging and mate searching. In partial support of the 
hypothesis that males are more likely to be thrifty, it was found that lactational 
programming was not restricted to body weight, but that males fostered by restricted 
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dams had significantly heavier fat stores in the visceral and gonadal WAT compared to 
males fostered by ad libitum-fed dams. Fat stores in male offspring raised by restricted 
foster dams were not the only trait affected. Males raised by restricted foster dams also 
had significantly increased testicular weight compared to males raised by ad libitum-fed 
dams. Therefore, it may be possible that lactational programming in Syrian hamsters can 
produce males that more resistant to seasonal changes in food availability, and show 
delayed testicular regression under winter like short-days. In effect, these males may be 
able to garner reproductive success for longer or under worse conditions compared to 
other males in natural populations.   
In conclusion, I found that maternal gestation during restriction does not influence 
hamster offspring weight, growth or adult behaviors. Hamsters are not a good choice of 
model for IUGR induced SGA because birth weight was not substantially affected. I 
propose several hypotheses to explain my findings, and suggest several avenues of 
research to bolster this work and fill in necessary gaps in the literature. Maternal food-
restriction during gestation negatively impacts the mother’s energy balance, and causes 
an adaptive response that apparently is quite beneficial to her offspring. This benefit may 
be through a behavioral adaptation, where mothers drastically increase food intake during 
early lactation. Alternatively, the benefit may come from a physiological adaption where 
milk fat is increased or sugars are made readily available to the offspring through the 
milk. In the latter case, I hypothesize that the mother is reacting to gestational restriction 
by becoming metabolically more efficient, and shunting more resources into her 
offspring. It is possible that the mechanisms underlying this potential shift may be 
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independent of behavior, where food intake may not increase. These hypotheses are 
testable, and further experimentation is needed to determine how restricted hamster 
mothers are able to promote catch-up growth and induce programming effects in 
offspring born to ad libitum-fed mothers.  
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CHAPTER 5  
 
 
GENERAL DISCUSSION 
 
 
The goal of this dissertation was to better understand the origins of individual 
variation in appetitive ingestive behaviors in mammals. Food hoarding, an appetitive 
ingestive behavior, is thought to be a measure of the motivation to search for and gather 
food items, and is likely to be an important anticipatory behavior behavioral that 
contributes to the ability to maintain energy balance in environments where energy 
supply and demand fluctuate. I simultaneously examined food intake, a consummatory 
ingestive behavior that results in swallowing and digestion of food, which makes energy 
from that food available to the animal. In addition to these behavioral traits, I also made 
observations of body weight throughout all of my experiments because changes in 
appetite or intake can influence body fat stores and thus body weight. I explored genetic 
and environmental sources of variation. Specifically, I examined the potential for 
heritable variation by measuring repeatability, to see if individuals have hoarding 
tendencies that are stable over time. I measured the proportion of variance in hoarding 
that is attributable to additive genetic variance, and I also examined maternal influences 
on food hoarding, food intake, body weight and body fat content. 
There are several major findings from my experiments. First, food hoarding 
scores were repeatable, and there was a relatively small amount of heritable variation in 
food hoarding behavior. Heritability estimates for food intake and body weight were 
higher. I found that food hoarding, and to a lesser extent, food intake, were heritable, 
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suggesting that a small but significant proportion of the variance in these ingestive 
behaviors are due to underlying additive genetic variance. Body weight was highly 
heritable, suggesting that overall genetic variance was not completely depleted in the 
stock animals used to create the heterogeneous population. All three traits were highly 
and significantly repeatable between successive days of testing; food hoarding and body 
weight had lower repeatability when evaluated up to 45 days apart, but remained 
significant. These estimates suggest that the upper bounds of heritability for food 
hoarding could be as high as 0.65, and that underlying additive genetic variance 
contributes to ingestive behavioral variance in Syrian hamsters. Using the mother in the 
parent offspring estimates resulted in a higher estimate of heritability, suggesting that 
some aspects of the gestational or lactational experience can influence offspring 
hoarding. Based on this result, I concluded that artificial selection would not result in a 
quantifiable response if I selected for high and low hoarding. In order to examine 
maternal effects on offspring food hoarding I determined a level of food restriction and 
cage size that affected offspring without affecting litter size. I evaluated different ways to 
test for direct maternal influence on offspring traits since Syrian hamsters inevitably 
cannibalize some of their offspring. I tested for the effect of gestational restriction on 
offspring using an experimental design that included cross-fostering. This design allowed 
me to distinguish between the effects of gestational restriction that occur during prior to 
birth from those that occur after birth during lactation. My design also allowed for me to 
test for effects of offspring sex. One very interesting finding was that there were no 
significant effects of gestational restriction on food hoarding. This was unexpected. I 
 152 
 
found significant effects of gestational food restriction on body weight in males, and this 
effect occurred without increases in food intake, suggesting that in males, gestational 
food restriction programs a thrifty phenotype. Another very interesting finding was that 
the effect of gestational restriction was only in offspring born to ad libitum-fed mothers 
that were raised by food-restricted mothers. Again, these effects were limited to males. It 
was surprising that these patterns resulted from having a food-restricted mother 
postnatally and not from fetal programming during gestation, and this result has not been 
reported elsewhere for any other species to the best of my knowledge.  
I found that food hoarding, and to a lesser extent, food intake, were heritable, 
suggesting that a small but significant proportion of the variance in these ingestive 
behaviors are due to underlying additive genetic variance. Body weight was highly 
heritable, suggesting that overall genetic variance was not completely depleted in the 
stock animals used to create the heterogeneous population. A common theme between 
both methodologies used to estimate heritability is that at least some of the variance in 
ingestive behaviors and body weight are linked to maternal effects. This pattern was more 
pronounced in the ANOVA analysis where I found that the paternal and maternal 
estimates were different. The heritability associated with sires alone was 2.2 times lower 
than the heritability of dams nested in sires, and the sire estimate was not different from 
zero. This pattern of an imbalance between the sire and dam estimates of heritability was 
also seen in both food intake and for body weights even though overall heritability for 
intake was 0.8 and body weight was 0.9. The imbalance in estimates suggests that there 
were substantial maternal effects associated with the variation in hoarding behavior. In 
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the ‘animal model’ analysis I used a larger data set that included both parental and 
offspring generations, and I found that a significant proportion of variation in ingestive 
behaviors and body weight was due to maternal effects. However, the proportion of 
maternal contribution on trait variance was much lower when partitioning variance using 
animal models. Both analyses point toward a significant contribution of maternal effects 
on phenotypic variance in laboratory raised hamsters. 
Laboratory raised Syrian hamsters are housed together for a substantial proportion 
of their lives. Litter mates share a maternal environment in utero, a postnatal environment 
during lactation and maternal care, and a cage environment from the end of lactation until 
artificial weaning at PND 30. Typically, maternal effects can be directly tested for in an 
ANOVA analysis utilizing a cross-foster design (Roff, 2012; Thiede, 1998), which was 
not conducted for Syrian hamsters due to the high probability of cannibalism in this 
species (Day and Galef, 1977).  
It is interesting that males’ growth is more affected by the mothers’ energetic 
status during lactation, and this is interesting in terms of other sources of variation and 
the possible adaptive value of food hoarding. It is possible that having a food-restricted 
foster mother causes her to change behavior or lactational investment that increases 
growth. Rapid growth in males in energetically challenging environments might give 
them a reproductive advantage if they are able to be the first to impregnate a limited 
number of females. Repeatable, heritable variation that is linked to the maternal 
contributions more than paternal contributions suggested maternal effects, which are any 
component of the maternal phenotype or genotype that influence variability in offspring 
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phenotypes (Maestripieri and Mateo, 2009). Maternal effects may be due to a number of 
different factors, including the maternal condition during gestation. The in utero 
environment can have a large effect on the variance in growth rate, with substantial gene-
by-environment interactions (Rhees et al., 1999), which may influence adult behaviors 
through maternal ‘programming’ (Langley-Evans et al., 2005). Syrian hamsters learn to 
pouch and un-pouch food during maternal care, and the onset of hoarding bouts and 
mature hoarding are based mainly on body weight and the timing of maternal separation, 
respectively (Etienne et al., 1982).  However, the onset of hoarding behaviors vary 
substantially by litter size (Etienne et al., 1982). It is not known whether litter size 
changes the overall growth rate in Syrian hamster offspring, but litter size reduction in 
rats leads to advanced growth and heavier weights at maturity (Kennedy, 1957; Kennedy 
and Mitra, 1963). Therefore, litter size and growth rate may have different or interacting 
effects on the development and variability in hoarding behavior of Syrian hamsters. It is 
possible that social interactions among the pups such as play-fighting (Goldman and 
Swanson, 1975), which may be more complicated in large litters, influence the onset and 
variability in hoarding behaviors. It is not clear when dominance-subordinate hierarchies 
develop among hamsters, but these hierarchies affect adult agonistic behavior and may 
influence hoarding as well. Hamsters in the heritability study were housed in same-sex 
groups of up to three pups from PND 30 to PND 75, and this time period encompasses 
sexual maturity in both males (Miller et al., 1977) and females (Diamond and 
Yanagimachi, 1970), therefore the hamsters I used had progressed beyond play fighting 
into adult agonistic behaviors prior to separation of same-sex groups. All of these factors 
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could have contributed to behavioral or body weight variability. The contribution of these 
factors were likely included in estimates of heritability (ℎ2 =  𝑉𝐴𝑑𝑑𝑖𝑡𝑖𝑣𝑒/ 𝑉𝑇𝑜𝑡𝑎𝑙) in both 
analyses, either in the numerator of the ANOVA analysis (thus inflating estimates of 
heritability), or in the denominator of ‘animal model’ estimates (adequately controlling 
for unexplained variance). Future studies are needed to evaluate the role that these factors 
may have had on behavioral variance and thus heritability estimates in Syrian hamsters.  
Based on the prior data collected in the Schneider lab and evidence for maternal 
effects in hamster ingestive behaviors, I tested the hypothesis that maternal condition 
during gestation influenced variance in adult ingestive behaviors. There is precedent for 
taking this approach since maternal condition during gestation alters adult ingestive 
behaviors in rats and mice (Coupé et al., 2009; Pennington et al., 2012; Vickers et al., 
2000; Vickers et al., 2003b). These studies shared the common pattern of low birth 
weight offspring that was caused by maternal restriction during gestation, and these 
offspring had a tendency to gain extra weight during growth and maturation that was 
caused by overeating (especially of high-calorie ‘westernized’ diets). However, the 
appetitive component of ingestive behaviors was not directly evaluated in these studies 
even though they concluded that appetite was influenced by gestational programming. In 
mice and rats only food intake or weight gain was evaluated and it was assumed that 
appetite was manipulated. I evaluated Syrian hamsters, a species in which appetitive 
ingestive behaviors were more easily separated from consummatory ingestive behaviors 
(Bartness et al., 2011; Keen-Rhinehart et al., 2010). I found that variability in food 
hoarding could not be accounted for by direct manipulation of maternal energy status 
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during gestation. There was no effect of maternal gestational restriction on food hording, 
intake, or body weight. These results were unexpected because developmental programs 
that attempt to predict the future environment and adapt accordingly (Gluckman and 
Hanson, 2004) should have directly influenced both intake and food hoarding since these 
behaviors are critical to survival. In addition, my results were also not predicted if 
metabolic thriftiness is programmed during gestation (Hales and Barker, 2001b). 
Gestational restriction in Syrian hamsters did not have the same programing effects on 
Syrian hamster that were observed in mice and rats.   
Instead of gestational effects, I found evidence that gestational restriction further 
reduces maternal weight gain during pregnancy, possibly due to elevated loss of body fat 
stores which are already depleted during gestation. These changes to maternal condition 
appear to carry-over to postnatal care of the offspring. Offspring that were born to ad 
libitum-fed mothers, but raised by restricted mothers exhibited catch-up growth predicted 
by the gestational programming literature (Bieswal et al., 2006). Growth and maturation 
between weaning and adulthood appeared to diminish the weight differences between 
groups, these individuals were more resistant to mild food restriction as adults. These 
individuals also gained more weight without overeating. In line with the results of (Jones 
and Friedman, 1982; Jones and Friedman, 1983), it was the male offspring that were 
affected and not the female offspring.  
One possibility is that during lactation, restricted mothers produce milk of 
different quantity and/or quality that could account for the effects on offspring 
phenotypes in males. I called these carry-over effects ‘lactational programming’ and 
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suggested that food restriction during gestation may impact maternal energy balance 
resulting in the expression of either physiological or behavioral adaptations that would 
benefit the offspring. In resus macaques, maternal age and condition correlates with 
energy availability from milk, and predicts adult behaviors associated with the stress 
response and social interactions (Hinde and Capitanio, 2010). In Syrian hamsters, 
mothers lose body fat during gestation (Wade et al., 1986), but may be able to quickly 
adjust the quality of milk for lactation since they begin to overeat during lactation while 
continuing to lose body weight (Fleming, 1978). I found that catch-up growth was 
observed as early as PND 05, suggesting that maternal physiological conditions had 
changed rapidly during early postnatal care, and in mothers that lost rather than gained 
weight during pregnancy. The benefit may come from a physiological adaption where 
milk fat is increased or sugars are made readily available to the offspring through the 
milk. One possible mechanism to explain this phenomenon is that fat loss during 
gestation leads to a state of early to mid-starvation. Under the first phase of starvation 
when glucose is not available from food, glycogen is mobilized from the liver and 
converted to glucose through gluconeogenesis. In the second phase of starvation, 
triglycerides are released from white adipose tissue through lipolysis and then converted 
into glycerol and free fatty acids. Free fatty acids are oxidized into ketone bodies after 
liver glycogen stores have been depleted and used as fuel for cellular metabolism in the 
mitochondria. In stage 3 of starvation, when fat stores become depleted, bone and muscle 
begin to break down releasing free amino acids. Glucose is again produced through 
gluconeogenesis from glycerol and amino acids. Therefore, if Syrian hamsters have 
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moved into stage three of starvation by the beginning of lactation, there may be a surplus 
of available sugar in the blood that could be shunted to milk for lactation to promote 
neonate growth and survival. An alternative hypothesis is that gestational restriction 
changes maternal care behaviors without changing milk quality or content. Maternal 
behavior is hindered in sheep by maternal undernutrition during gestation (Dwyer et al., 
2003), and rats appear to be able to respond to offspring condition and adjust care 
accordingly (Wiener et al., 1977), however it is not known if hamster maternal behaviors 
during lactation are affected by condition during gestation. Both of these hypotheses may 
explain how lactational programming may have occurred in Syrian hamsters, and both 
are testable.  
Syrian hamsters are solitary animals in the wild (Gattermann et al., 2001), and 
food hoarding and larder protection may be more important to females than to males. 
Males were affected by lactational programming, while females were not. Male offspring 
raised by restricted foster mothers were heavier, more resistant to energetic challenge, 
and had larger reproductive tissue investment. These characteristics combined indicate 
that programming in hamsters favored male traits associated with dispersal and higher 
fecundity. Males are observed outside of the burrows at all hours of the day, while 
females tend to be strictly crepuscular (Gattermann et al., 2008). Therefore, maternal 
programming in Syrian hamsters may favor females that stay and protect burrows and 
males that can widely disperse in search of mates. If this is true, then programming would 
affect adult behaviors such as aggression levels, territoriality, and general activity and 
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searching behaviors. These behaviors are easily observable in the laboratory and need to 
be evaluated in future studies on programming in Syrian hamsters.  
 In summary, there are heritable components to food hoarding behavior in Syrian 
hamsters, but the heritability is dependent in part on maternal effects. When maternal 
effects were tested for directly using maternal restriction during gestation, I did not find 
strong maternal effects on food hoarding, but I found patterns of body weight change that 
do not coincide with changes in food intake. The effects on offspring weight and fat pads 
were almost exclusively found among males, and this result was also found in Kevin 
Patel’s experiment, which were predicted by Jones and Friedman (1983) and data from 
male soldiers born during the Dutch Hungerwinter. Therefore, variation in food hoarding 
among laboratory raised hamsters is partially due to underlying genetic variation, and 
may be influenced by individual hamsters’ relative response to changes in the 
environment that may have been programmed during postnatal development as a result of 
maternal condition during lactation.   
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